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‘,”3.KXSTUDIESOF MIGHT‘UODELPROPELLERS

By,ElliottG. Reid

sum?Li’LRY

Theinfluencesof shed formandpitohdistributionuponthecharac-
teristicsof constant-speedpropellershavebeeninvestigatedby exploring
thewakesof eightmodelpropellersin theGuggenheimAe~g@+~i:.~b:-: _
ratoryof StanfordUniversity.

...-

Theexperimentsshowthe improvem~ntof efficiencywhichresults
fromthesubstitutionof fairedshanksfor roundonesto”be causedby
disproportions.te100alaugmentationsof thrustandtorque. ItT~S S.1S0
foundthatbladeshankstallingat reduoedadvanceratiosoa~ed adverse

....—.—

effectswhichvereamplifiedas thepowercoefficientincreased:‘“ .—-
.

Analysisof previousforcetestsin the lightofwake_char&Cterist~cs
revealsthat,forconstant-speedoperation,pitchshouldbe S-G-distributed
thatno elementwilloperateat a ~egativeliftcoefficientA high-speed
flight,thatshankstallingduringtake-offandclimbvfiI.1be m~ritiiz~d, ‘-
andthatsubstantialuniformityof the sectionliftcoefficientswi~~
prevailin no?aalcruisingandhigh-speedflight.A bladetwistcurve
of thellenveIopelltypeappearsmost suitableto theserequirements.

b additionto theforegoingconclusionsandtheprovisionof a
largemassof dataforstripmethodpredictionof operatingoharagter.
istios,the investigationledto thefollowimgnoteworthyfindings.
The radialvariationof sectionliftooeffi.cientis in quali~afiitie
accordwiththatof thegeometqicangleof attack,andtheaverage
sectionliftcoefficientat whiohmaximumefficiencyis att”ainedin-- .—A

creaseswithpitch. Abnonmllylar~eliftcoefficientsareattained
by slightlyoamberedshankelements;thisis ascribedto theao~ion -
of a highlyfavorableradialpressuregradientupontheirboyn&”ry —.-

layers.Finally,Glauertispredictionof the independenceofblade
elementsis substantiallyoonfinnedin so faras tiristis conoernedj
buthismcmentum-vortextheoryis foundunsatisfactoryfortheacou-
ratepredictionof propellercharacteristicsfromairfoilseotiondata.
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IITTRODUCTION

This~vestigatiti-coveredby thisre ort
toontraotwiththeNationalAdvisoryCommitee

,4!s

.:
was aarriedoutundera
forA-eronautics,‘t...to

detertdme,by meansofwakesurveys,thenatureof the influenceof
shsnkfonn”andpitchdistributionuponthecharacteristicsof constant-
speodpropellers,andto providedataforstripmethodpredictionof
operatingoharacteristioscti

More6pecifioally,itwas directedtowarddeterminationof the ‘“
underlyingcausesof significantdifferencesbetweentheoperatin&
oharactoristicsof previouslytestedmodelpropellers(reference1)
whiohd:l.fferedonlyin shankfon.uandpitohdistribution.Further,it
extendedthe rangeofpropellerwakemeasurementsto pitohangles~rmter
thaneqrheretoforeexplored,enablecorrespondinglyextensivedetonnin-
ationof the liftcoefficientsat whichbladeelementsoperateand,
throughanalysisof the results,shednew liGhtuponscw basioconcepts
ofmodem propellertheory.

...

6YMBOL5
m.

B numberof blades

D diumeter~f~et

R tipradius,feet .

r racliusof elemerit,feet (Seealso a below.)

x rac[iusratio, r/R

b chc>rdof element,feet

h maximumthiclrnessof element,feet

P pitohangleof element”,de~rees(reference- chordline)

B’ pitahangleof element,degrees(reference- lift axis)

8Tt pi*changleof tipelement,degrees

~ eff’eotivoangleof advance,degrees (See~ia~ramijl<,p.14.).
00 gecmetricangleof advance,de~rees (@o= Lfii5-1V/~rmr}
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effectiveangleof attaok,de~rees (m= e-o) ——

geonotricangleof attack,degrees (reference- liftaxis;
Q’=P’-$O) -.

angleof zerolift,degrees

angleofyaw,degrees

velocity,feetper second

slipstreamvelocity,feetperseoond

resultentvelocityof element,feetper second

axialcomponentof V~

tangentialoomponentof V~

coefficientof’inducedaxialvelocity (ilote:

coefficientof inducedtan~entialvelooity

airdensiti~,slugsperoubiofoot

relativeairdensity,I?/Do

massflowperunittime,slugsper second

.

—

—

q +’a/2 q~=Pv~2 “%”=Pvr72 *=pw2/2 E= ~/q

u)

n

V/nD

Po

PI

1P
.

Pto

●“ P~l

angularve~ooity,radiansper second

rotativespeed;-revolutionsper seoomi

advsaceratio

8taticpressux+at

statiopressurea%

imrease of statio

totalpressurein.“

totalpressureat

upstresmfa”ce,lb/fta

downstreamfaoe, lb/ft2
—

pressure (P.- Po), lb/ft2

undisturbedstrear;~,lb/ft~

downstreamface, lb/ft2

3
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Apt incmeaseof total

PT()= Pto/!l

Pu

pd

Py

P~=

K

S.P.

T

Q

P

Crf

CTO

AC*

CQ

n

dT

dQ

dT1

totalpressureon

totalpressureon

yawheadpressure

PJ!l

yawheadconstant

?WCATN No.1040

pressure(Ptl- pto)~lb/ft2

‘Tl= ptl./q .@ = PT1- PTQ

upstreamltubeofyawhead,lb/ft2

downstreamtubeofyawhead,lb/fta

difference(Pu- pal),lb/ft”s

% = Pal/q Py--=p#q
.. .-

(K ‘Py\siZ12~) - - ‘“ .. .

statioplatepressuredifference,lb/fta (q= 1.0525SoPm),-. .<—.
thrtist,pounds

-,-.:

torque,poundsfeet

pmer input,foot-poundsper secohd

thrustcoefficient,TfinaD4 (~= CTo-A~)
...

-- 1.0

integratedthrustcoefficient@TO=[ (dCT/&)dX)
-do.ls

-.
spinnerthrustccmffioient(negative) (Alsousedto denoteerror

in thrustooeffioient- fig.11)

torquecoefficient,dPnaD’ [Q= f’”O@%/@ ~)
0.15

effi~ienoy(cTV/C@)

thrustofallelements

torqueof allelements

-.

.. —.,-.
at radius r, pounds”-

——
at radius r, poundsfeet

thrustof element,pounds

‘Withreferenceto t-qentialvelocitynormallyimpafiedto slip-
stream. —
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-- di!’Q’tagentialforce

dL~ liftof.elecum.t,

dD? dragof element,

on element,pounds

pounds

pounds

d~l resultantforceon element,pounds

cL seoti~ liftcoefficient,dLt/ql.bdr

MODELS

Eixhtof theDreviousl~testedseriesof thirteenmodelslwere

.,

.
selectedforwakesuhveqrstudies.All of themhaveadjustable-pitch,
duralminbladesof.2_60-footdiameter.Theirgecxue?iriocharaoteristios
aredefinedby figures.1 to 4; thefollovtingparticulars.areworthyof
note:

.=.--

J
Four-BladeModels

ModelP..A oonvbnticmaltypebladeof untiorm,geometriodesign.*
pitck~R = 24°)withrelati~ekywidetipendso-oall.edround.shank-

Attentionis calledto themeasurementof ~ withreferenceto thenomi-
.—

P nal chardlineandto thefactthatdegenerationof theairfoilprofile
intoa ciroularcylinderis ocmpleteonlyat the innermostseo~i.tiof
‘theblade(seefigs.1 and2).

IdodelPC represents.1.?odelP equipped-witha cuff.ofClarkY.profile;

.the geometricpitchof thecuffis the sameas thatof the outerporti~
of theblade. .

?IodelPCH representsGodelP equippedwitha refinedClarkY cuff

“whichhas smallerradialand ohordwisedimensionsthenthoseof PC

and incorporat~a washoutof 12°. (NotesWashoutspecifiedis thatat
spinnersurface.)

. ModelPC2 hasthe sameplanformandprofiles,outboardof the

ouff~as ModelP, buthas a largerdesignpitch(f!O~75~= 509),anden
unusuallythincuffinw??ichHACAseries16profilesanda washoutOf.“ 10°are incorporated.

1
F’oro.e.testsreportedin reference1.

5
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Three-BladeModels .. .

. .

-..—

.,..:.

-

..-.

McIdelU-24has thesamoplanformandprofilesaG ModelPc2...— .
Itsunifo~b desiznpitch(measuredwithreferenoeto the liftaxes~
or ‘hoM&k line;”.& the-profiles)is characterizedby p; ~5.= 24°..

ModelU-60is alsoof uniformdesignpitchanddiffersfromU-24
only3X~~A.75X = 60°0

ifodel0_4Ehas thesamepismformandprofilesas theU-modehbut
is of~on-unif~rmdesignpitch. Theordinatesof itstwtstourve(see
f’i~o4) are0.4timesthoseof the ‘lenvelopetwistcurve-!tl .

ModelO*l?Eis alsoofnon-uniforndesignpitchanddiffersfrom
Model-d= onlyin“havinga twistcurvewhoseordinatesare0,8times
thoseof theenvelopecurve. -

Thehubsof allmodelswereenclosedwithina spinnerof theform
illustratedby figure5.

APPARATUSAND TECHNXQUE
.

..-...=.-. -- .:.....-.
. . -... —- .

Theexperimentswerecarriedoutinthe 7,5-footwtid”t&el of #~
GuggenheimAeronauticLaboratoryat StanfordUniversitywherethemodels
weredrivenby thedynermmeterordinarilyusedforforcetests~A
descriptionOf thisequiprnezitwillbe foundin“ref@renoo2.

TIMwakesurveyapparatu6fistalledin thewind~tr~am~onsiqted
ofthe ‘hvbbm~keof yawheadsshownin figureA. Detailsof theheads
are illustratedby figureB andthemanom;terusedto reoordthe
pressuresmay be seen-infigureC.

Tomaketheobstructionofferedby thesupportingstructure
symmetrical,theyawheadswerearrangedintwobankswhiohextended
verticallyaboveandbelowthepropelleraxis. Thedimensionsand
locationsof theheadsmaybe seenin figure5 whoreitwillbe notod
thattheyarenumberedin theorderof increasingradii- ~ose rnsnbcrod
1 to 10wereIocated”atthemea radiiof annularringsof equalarea~

1Nc,te:-&i””env&lopeof thetwistcurvesof alluniformdesign
pitohbladesis definedby theequaticm

. ... .- .--.. .

-P’ :pTl = cot-~Jr~- tan- ‘Jrw “-..- ..-.. :.. : .;-k.*_&. - -.?. . h..~. ..-,.... . . . . . .. —------ . . . . .
~.. .

.-

.

----
.=
-a
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. . thosenumberedO and 11werearbitrarilylocatedcloseto thespinner
andjustoutsidethebladetips. As shownin figure5, thetipsof
allyawheadswere0.05Daftof theplaneof thebladeaxes;this
locationwas fixedby theneoessityof providinga smallolearanoe
forModelPC - whiohhas thewidestouff’.

Lxoeptforthe incorporationof shieldedtotalheadtubes,the
yawheadsusedinthisinvestigationoloselyresemblethe Britishtype.
whosedevelopmentis describedin reference3. Althoughthistype.has
beenusedin at leastonepreviousAmericanInvestigation(referenoe
4), itwasfoundimpossibleto obtainsatisfactorilylinearyaw cali-
brationcharacteristicswhenthetips of thetubeswerebeveledto
sharpedges;thefinalcalibrationdatashownin the left-handchart
of’figure6 wereobtainedonlyafterthetipshadbeenbluntedto the
extentillustratedby theenlargedseotionof figure5- Itwillberiot-
cd thatalthoughtheyaw oharaoteri,stiosaresubstantiallyumaffeoted ---

by changesof airspeed,the calibrationconstants(K)forthevarious
headsdiffersomewhat.Stioe,thesedifferencesbearno evidentrelation
to the 100alvariationsof totalpressure(PTO- seeright-handohartof
fig..6“),theyarebelievedto refleatminutedifferencesbetweenthe
formsof individualheads.

Thecalibrationcurvesforthe totalheadtubes(fig.6) represent,
actually,the resultsof totalpressuresurveysalongtheverticaldi-
ameterofthe stresra.Thesevrereoarriedoutin thepresenoeof the
dynamcvneterand spinnerandthebladeaperturesin thespinnerWere$
of course,ooveredwhilethe surveyswerebeingmade. If it be as&tied
thatthevariationsof totalanddynamiopressuresare identioal,these
resultsindioatevariationsofapproximately5=1.1percentV
(=2.2 peroentq) atall butthe lowestspeedswherea slightlygreater
variationis evident.Yaw testsofthe totalheadtubeswereextended
onlytoA 450but,withinthatrsnCe,no measurablevariationof the
registeredtotalpressureswas observed.(Itmay be worthnotin~that
isolatedtubesof thiskindareentirelyreliableup to ~60°.)

.

Theyaw andtotalheadtubeswereconnectedto a multiplemanometer
(withcomnoncistern)whosecolumnheightswererecordedby meansof a
35-millimetercamera.Additionalconnectionsenabledtherecordingof
a pressuredifference(SP)proportionalto thedynamicpressureand of a
predeterminedpressuredifference(usually10 lb/sqft)whichwas im-
posedby a doublebell-jarbalance.Theformerhadtheeffectof making
therecordsnon-dimensionalby definingq as a headof the sameliquid
as thatusedto measuretheyaw&ndtotalpressureswhilethe latter
provideda dimensionalpressurescalewhichenabledoheckingof the
photographicallyrecordedvaluesof SP againstthoseobservedby the
tunneloperator.Dampingsufficientto makethemenisousvelocitypro.
portionalto theappliedpressuredifference- ratherthanto the”squar6
rootof thatquantity- was incorporatedin eachpressure“transmitting
lineanduniformitywas obtainedby theadjustmentof individualdampers.

7
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SFeciallyconstructedprojectionsmlmeasuringapparatusoliminatod
severalstepsfromtheusualprooessof reduoingfilmrecordsto preesure
ratios-Therecordsyereprojectedupona ~rouudglassscreenandmeas-
uredby meansof a vernierheightCagewhiohoouldbe traversedalonga
preoisionstraightedfle.Convenientoontrolof theenlargementratio
‘madeit possibleto usefixedscalesfordireotmeasurementand x-eoord-
in~of theheadsas multiplesof thodynsmiopressure,regardlessof tho
absolutovalueof q,

Onlyone”at allseriousinconveniencewas encounteredin theuse
ofthisapparatus;it aroseoutof thesensitivityof theyawheads.
Aftertheinitialadjusti,ent,slightinequalitiesof’thepressuresox-
perienoedby thetl.votubesof a Civen‘yawheadwerescanetimesdeteoted
inthe“preliminaryrunmadewithoutmodelbeforeeachtest. To re-establish
balance,thetubeshankswerebentby hand,-buttinedeformationsrequired
wereso smallthata dialindioatorhadto be usedfortheirmeasurement.
Earlydetectionendoonstsmtsurveillanceprecludedappreciableerrors
frcmthisoausebut it ismentionedas a basisfor,therecommendation
thatconstructionof thosti.etypebe avofd6dintheassemblyof future ‘
yawheadsbecauseit isbelievedthattemperatureandvibrationeffeots
uponunre~i,evedstressesinthe solderedassembliesprobablymntributed
s~bstanmbiallytheunbalanoedevelopedby theheadsusedM“ thisinvesti-

.- . TESTPRdGRAM

Inthisvakeinvestigation,allmodels

.
.-. ----- =

,.
—

. . .. .. .. -. . -. ..— .-

weretestedundertheasme
conditionswhiohprevailedduringtheirpreviousforoetests(referenoe1).
A oonstantrotativespeedwasmaintainedthroughouteaohtestandthe
advsrmeratiowasvariedby alteringtheairspeed-Listedbeloware
theblacleangleslandcorrespondingrotativespeedsatvhioh eaohmodol
wastested:

Revolutionsper

E0.75R‘de&)
Revolutionsper

,.
Four-Bladel~;dels

20 30 40

minute 2100 1740 1314

Three.BladoModels
,.,.,

“12 24 36

minute 2100 2100 1470

50 60

996 744

.*, . ... , .-,
48 60

1056 744

lllominalan~les,j3;reforenoe- arbitrarychordlin~. —..
8.. . .,..

-.—
4-

—
.M

.-

.“
--+

--
..“. .“. ..=

7--

.. —
. ....-=

.....=

.-. =

.—

S

-.
.—

.-..—--.,.—
..t:*
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Yhenumberof’admnoe ratiosat whiohwakesurveyrecordswere

takenvariedwiththe pitchsettinG;ouly6 or 7 recordsweretaken
‘.Jhen~~ ~5R= 12°but 13to 1Sweremadeat the600settings.

● .

Preltiinarytestsweremadeto determinetheeffectof presence
of’the surveyapparatusupontheperformanceciharaoteristicsof the
models;nonewas found. Afteroanpletionof thetestprogram,auxiliary
experimentsweremadewith
exploretinepossibilityof
stalledbladeoperation.

theyawheadsmovedfartherdownstreamto
makingdependable-surveysunderconditionsof

REDUCTIONOF DATA -.

A ssmplereoordis reproducedas figureD. Thedatumwithreference
toWkLiChallpressuresweremeasuredwas the levelof theColti-actuated
by thepressureat theupstream(higherpressure)statioorificein the
tunnelentranceobne. As previouslystated,pressureswerereaddireotly
frcmtineprojectedreoordsas multiplesof’thedynamicpressure.Frmn
thetotalpressuresin tineslipstream,PT1, theoorresponding”free

streamvalues, PTo (fromfig.6),weresubtractedto obta-inthe ohanges

of totalpressure,ApTs dueto propelleraction,Sinoetheya,whead

pressureswerebalancsedinthefreestream,thepressuredfiferenoesdue
to obliquityof the slipstreamwereobtaineddireotlyas ‘U - ‘D= ‘Y*
Thesereoordedvaluesanddifferences,for thereoordshownin figureD,
willbe foundin theupperpartof thesamplecmnputa’tionformwhiohis
reproducedas figure7.

.-

—

TorqueCoefficients

Themethod
thoughdescribed
of completeness
]mmtof thrusts

usedforevaluatin~the elementarytorquecoefficients,al-
elsewhere(refercnme3),is developedhereforthe sake —

and
If

tangentialvelocity
zkrcugkthe/LL_LIl~.LIUS

formnvenienoeof referenceti the subsequenttreat-
tineelementsof a propellerat radius r impartthe
w to themassof air W which,inunittime,passes
SWe~t~ 4Jh&3e91eEentk,~fi~J-c~eri<.r~cet~.~~~rque

dQ z ~1 (1)

velocity&-cugh tksproPeller

m= 2nPurdr

~.

If u is theaxial

(2)
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whence =
.-

ktrodu.cingx . r/R and R

-= -..= ..-

dQ= 2npuw#dr

= D/2,

r= / ~ = Dd2Tx2

Substitutionof thesevaluesin (3)giv9s.

dQ=~ Puwwx%ix
4

T.
.- —.— . . r.. G-

(3;- ““”-
.

(4)

—,..

(5) —

Now,thepressuredifferenceexperiencedby a yawheadofthetypeused
intheseexperimentsis proportionalto thedy&mic pressureof theslip-
Stream$PVsa/2, andto the sizeof twicetheangleof yarr;thatis, .-..-.

(6)
.,

(Note:‘Theoalibratianof suchheadsis accomplishedby measuringpy
at a seriesof angleeof yaw ina streamof kncmndireationand dyuamio
pressure.Thus K is detenuinedas d

1{.p q sin2W).

By subs-tituting2 sinv oos~ for sin2~, (6)maybe writtenas

Xys ‘inwxi00s9=: (7)

. ..

Iftheaxisof theyawheadis parallel”%othedireoticm””ofundisturbed
flowand if u and w are,respectively;theaxialand tan~ential
componentsofthe slipstreamvelocityto whiohtheyawheadis exposod,

.-

,. .-.

whenoe
::. .:---

P~puw = -
K

Thesub~ltitutionof’thisrelationshipin (5)yieldsthe result

dQ=
()

~ !& Jj3~adx
4K.

--

.- -

(8)

(9)

.
—

. .-

(10)

10
,._
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.- The correspondingtorquecoefficient
1

dQ TlxadC = ._. = .-Q ()
%dx

Pr?Ds 4p#D2 K
(11)

Multiplyingnumeratoranddenominatorby twicethe squareof theundis-
turbedstreamvelocity,2V2, yields

(12)

If,now,theyawheadpressuredifferenceis expressedin termsof the
dynamicpressureoftheundisturbedstream- thatis, %= Py/(pW2) -
the expressionfortheelementarytorquecoefficientassumestheform

2=%2%3 (13)

whichwas usedin the computation-(SOefig.7,)
—

ThrustCoefficients

In developingan expressionfortheelementarythrustcoefficient,
it shouldbe rememberedthattheacceptedoonceptof screwpropeller
actionis thatas the airpassesthroughtheplaneof theblades,it
experiencesa changeof staticpressureandundergoestangentialaccel-”
erationwhileitsaxialvelocityrem&insunchange”d~Therefore,if-the
bladeelementswhichhavethe radius r changethe statiopressureof
theairuponw!hichtheyactby theeuaountAp, theyexperiencethe
thrust

dT= ~~Apdr _(14)

Substitutingfor r and dr in accordancewith (4) gives

dT =
r)
~ Apdx
2

The correspondingthrustcoefficie@.

:$‘l-TXApdx2pn%

(15)

(16)

11
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Multiplyingenddividingby twioethesquareof theundisturbedvelooity,
.

27”‘, gives.

, (~’”(~)ddCT=‘: (17)

and if AP isnow substitutedfor Ap/(pva/2),*heelementarythrust
coefficientis

(lo)

. . ..

Inpreviousslipstreaminvestigationswhiohinvolvedonlypro-
pellersof relativelylowpitch(e.g.,refer~noes3,4, -d 5) it has
beencul~tomarytonegleotthedifferencebetweentheinoreasesof statia
andtotalpressures,thatis,toaocepttheapproximation .*.. ---

APT lAF’ (15)

Theerrorsinherentin thismethodwere,foruse in equation(18).
in thesoearlierexperiments,minimizedsomewhatby failureof the-
unshieldodtotalheadtubesto experiencefulltotalpressurewhen
exposedto obliqueflow. ti thepresentstudies,however,itwae
fearedthatthelargerterqpntialvolooitiescreatedby thehigh-pitch
modelsmightleadto seriouserrorsif thisapproximationwereretaiwd
anditmm thereforedeoidedto use shieldedtotalheadtubesforre-
liablecletcwminatiouof thetotalpressuresandto caloulateAP from
theseandotheramilabledata.

InappendixA, it is shownthat
.. ..

AP=APT -E ... ., (20)

inwhioh ‘“
.—

1
2‘Y()L:——

4rz-K
(21)
“-.,-

.

and,if uniformaxialinflowisassumed,that--,.-!,, 8CT nDla
()

1 + +-~ y
(!22)r=. -...-—

2 —

12
~,.,-,

-u
.=
.-
—

.

●-- -

—

. --

—

—

:,

.

,..-.

.. .-g
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.
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(Itshouldbenotedthatin theseequationsr = 1 +a,) Applioatimof.-
theserelationshipsto the slipstreamsurveydata,alone,wouldhavemade
calculationof theelementarythrustoooffioientsprohibitivelylaborious
becausea prooessof successiveapproximationswouldhavebeen”requ~red
fortheevaluationof r.1 Thismethodwas actuallyappliedto the
resultsof a fewtestsbut,fortunately,itwas foundthatthevaIues
of r so obtaineddifferednegligibly,if at all,fromthoseocmputed
by substitutingin (22)valuesof CT (forthe szlmeadvari{e-ra%i~s)

takenfromtheforoetestdataof referenoe1.

Thevaluesof r usedin the routinecalculationsof dC(&~ were

thereforedeterminedby the substitutionof foroe-testvaluesof C in

equation(22). (Aotuallytheywerereadfroma ourveof r versusT
CT (nD/%)2whiohwas preparedforthepurpose.)Thevaluesof E, AP

and dCT/dx werethencalculatedby meansof equations(21),(20),smd

(18),respectively.Thesestepsaresumnarizedatthebotttxnof the
computationform,figure7.

SeotionLiftCoefficients

To supplementmereprovisionof the speoified“datafor stripmethod
predictionof operatingcharacteristics,”the scopeof thisinvestigation
wasvoluntarilyexpandedto includecalculation,f%n thesed6.tij6F
valuesof theseotionliftcoefficientsforelementsof &everal”modeis
undervariousoperatingconditions.As theresultsof theseoaloulations
arepresentedenddiscussedlaterin thisreport,thefiethodof their
evaluationis outlinedbelow.

Iprooedure:Obtainfirstapproximationsof d.CT/dxby accepting

(19)forsolutionof (18);plotand integrateto obtainfirstapproxt-

(/ ql.~ dc )—2 &‘tion‘f CT ‘T = and substitutethisvaluein (22)
dx., 0.15

to getfirstapproximationof r. Useapproximatevalueof r in (21)
to evaluateE for eachstation,calculatecorrespondingAP’s acoord-
tigto (20)and substitutethemin (18)to obtainsecondapproximations
of dC@xa Repeatprocessuntilno changein r is found.

.
.“
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Thefollowinganalysisismadein aocordamewiththebasioform
of Glauert?smomentum-vortextheory(reference6),inwhichs,propeller
of finitesolidityis assumedtohaveinfinitelynqmerousblades.
Aooordingly,the tiduoedvelocitiesat a givenradiusareassumedto be
one.halfthefinal(fardownstream)valuesoftheaxialandtangential
velocitieswhiohwouldbe impartedby thebladeelementsat thatradius
to the oylindrioalshellofairuponw?niohtheyact. Finiteinduced
anglesof attackthereforearisefromthetwo-dtiensionallmotionof a
finitemassof air,thatis onewhosedimensionnormalto thespanl
is equalto the circumferenceof the
influencesof elementsat oneradius
thoseof thefinitenumberofblades
areexoludedfrom,consideratim,

cylindricalehell. Thus+&
uponthoseat another,as wellas
andof flowaroundthebladetip8,
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Theliftof thebladeelementillustratedaboveis .

.

or .—
dLf &ff

=..— _.es@+%.i,r@ (24)
dr dr dr

Primesareusedto distinguishtheforoeswhiohactuponan elementof
a singlebladefromthe SUMSof suohforcesforallelauents~~ichFavc
thesameradius.Thesectionliftcoefficientis

2 ~dL1\
CL = - = ‘-”-(-)”

qrd~ ~Vrab dr

tierein & is theelementary

2

[

dTt dFQt
—. cos@ +_ sin@1 (25)
pVr2b dr dr —

area, qr tiledynamicpresare corre-
spondi~to V and b thebladewidt’h.Aocording‘co(4), dr * Ddx/2,r’
whenoe

d~t dT? 2 dFQ’ 2
—= —x- and %= —Y- {26)
dr dx D

Thesubstitutionof thesevaluesin

4 ~~?

dr dx D

(25)gives

l—
q,

cT=— cos@+———— sino1 (27)
JA

PVrabD L&c dx -1

lRemembering,now,thatthe elementarythrustand torquecoefficients
dC~dx and dC~dx are deducedfromslipstreampressuresproducedby

.—

—
.

theaotionof allthebladeelementslocatedat the radius x, ‘itwi11
be evidentthat,in thecaseof a propellerwhichhas B blades,the
forceson a singleelementare .

dT1 dCTpnaD4 dpi
Q= dCQp&D 5

—= —— and — -~
LY dx B

(28)
lx dx rB

-“
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Thus(27)may be rewrittenas

4 pnaD4

‘L= ‘-2— x ~PVr bD

---
.+

--

“ dCT dCQ D
cos@ +-—x-sin@ 1 (29)

‘dx dxr -

-,.-

Thesubstitutionof V(l+ a)/sin@ for Vr and of 2)x for D/r

nowyit~ldstheequation

sin2~
$

‘L=
B (b/D)(li-a)B(V/nD)a

whichwas usedforthecalculation

[-

dC
T “Q x 2 sin~
Cos@ + —. 1 (30)

dx dx x -

of seotionliftcoefficients. -.

Giventhenumberof blades(3),the looationandwidthof the
element (x,b/D), andthecorrespondingreduoedtestdata (V/nD,
dC#3x, dC@x), calculationof the seotionliftcoeffioiontby means

of (30)beccmnespossibleuponthedeterminationof a
—

and m. “The
methods.usedto evaluatethese

Theresultsof the entire
hundredseparatesurveys,were
by figures8, 9, and10. lJhen

quantitiesaredescribedinappendixB.

RESULTS

programoftests,comprisingsomefour
plotted,first,inthefozmillustrated
curvesof dC(dx and dC~dx versusx

werefairedthroughtheindividualsetsof p;intsobtainedfromthe
upper(oddnwnbered)end lower(evennumbered)banksof yawheads,it
becameapparentthat-thetwogroupsof dataexhibitedsydxmatic
differenceswhiohinoreqsedwiththepitohangle.As it appearedthat
suchdifferencesoouldlogicallybe asoribedonlyto slightnon-unif’ormi~
of velooityof theuudisturlmdstream,mesa curvesWere constructedas
thebestpossiblerepresentationof theaverageradialdistributions
of the elementarythrustendtorquecoefficients.Spacelimitations
preventthereproductionofmorethanthesesamplesof the individual
gradingourvesbuttho ordinatesof’allthemean curvesarepresented.
laterin oondtinsedoharts.

A comparisonof theresultsof’wakesurveysad foroetestsis
prefaoedby figure11whiohillustratesthe importanceof taking
tangentialvelocitiesintoaccountwhenevaluatingtheelementary
thrustooeffioientsandalsorevealsthe remarkablesensitivityof the
survey-lieterminedthrustto smallerrorsoi’totalpressuremeasurement.

.. .
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-- ‘-InfiSurcs12to 19,therasulksof thawakesurvaysare compcred
.Y{ith~~oseof previousforcetastsof thesamemodels. Thepointvalues
shcmmon thesechartsweredeterminedby mechanicalintegrationoffthe
mwas mder theman thrustandtorquegradingcurvesandcorrectionoil
thethrustcoefficientsfor spinuardrag. (Uqthodof correctionant
experimentaldataon spinnerdragwillkm foundin appendixC.)

The basicdatafror--whichthasesummarychartswarepreparedare
presantedin fi~pmes2C)to 35. Eachevan-numberedfigurein thisgroup
containscur~esof &c#&x versus V/nD forall stationsandall

pitchsettingsof a particularmodbl;thefollowingodd-number~dfig.
urospresentthacorrespondingtorqua=data.The spottedordinatesare
thosaof themeanthrustcadtorquegrbdingcurves.Bacausetilescales
of thesefiguresarenecessarilyssuchas to precludeveryaccurate
readingof tho ordinatesof thetorque
settings,numericalvaluesof dC@bc

testsworemadewithpi.~chsettingsof
tabulatedin tableI.-

carvesforthe,sr&llerpitoh
fortilladvonceratios-atifiich

12°,20°,end24°havebeen .
. —---- ----

Fromthebasicdata,thrustandtorquegrndingcurvesforv~~ious
modelshavehen preparedfor purposesof cor~~crisonunderdiffere~t
conditionsof operation;these,alongwith ot~.erdeducedcurves“(figs.
3S to 49)willbe introducedin thediscussionwhichfollows.

The resultsof preliminaryandauxiliarytestsarepresentedin
figures50 &nd.515 -_

DISCUSSION

Go.neralFeatures- ComparisonWithForceTests

The ganeralcharacteiof therasultsmay bestba appreciatedby
followingthroughthedevelopnmntof a typical-set. For thispurpose
thedataandcalculationstabulatedin figure7 willservaas a start-
ingpoint;theseresultswere obtainedby testingLkdel0.8E,tith
bladassetat 36°,at an advanceratioof 0.985.

Thathrustandtorquegradingcurvesdefinedby the calculated
Vzlll.wsof dCT/dx and dC~dx appearin figure9 tisthe charts .-
designated“V/nD=0s585”;in the samefigureareshilar curvesfor
otheradvanceratios.Figuras8 and 10 areanalogousillustrationsi’or
pitchanglesof 12°and 60°. Thepointvel.uesOf Cv and CD shownin
figure19wereobtainedby the integrationof “wan ~ine”grang cu~es
suchas thoseof figures8,-9, and 10. ..—
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Infigures8 to 10,itwillbe notedthatdiscrepanciesbetweenthe “ ‘~-
dataobtainedfromheadsof theupperand lowergroupsgrowlargeras
thepitohad, consequently,theadvanceratioforunstalledoperation,
increas’3.It is thisfaotwhichpointsto non-unifom5.tyoftunnel
velocitydistributionas theoauseof divergence.Lestit be imagined
thatsuohdiscrepanciesreflectexcessiveirregularityofstreamvelocity,
thefollowingAnalysis,basedon simplebladeelementtheory,is presented
to clamonstratethefallaoyof suchan inference.

.-
Takingthe valueof P1

0.75R
as 630andtheadvanueratioforpeak

effioi.enoyas 3.50~;~enthencsninalpitohsettingis 600,thecorre-
spondingvaluesof @o and a! arefoundto be 56.080and6-923,

respectively(fiduc~dvelocitieshavebeenignoredinmakingthe6e
oaloulations.)Ii’it is alsoassuredthatat oppositepointson the
pathofthiselexmntthe 100alstreemvelocitiesare0.99and 1.01times
themeanvalue,the correspondinganglesof attaokarefoundto be
7o180~ld6C650@ Sinoe”theelemntaryforcesand,therefore,thegaina
of totalpressureinthe~~akemay be expected+x-varyproportionally,
it is seenthata velocityvariationof *1 percentmay be expeotedto
resultin a discrepancyof theorderof (7.18/6.65= 1.08)~ p..rc~nt
betweenthe e@nentaryforcesdeducedfromheadmeasurementsmadeon
oppoaitcradii.

“.
It isalsoworthnotingthatif a constantmeanangleof attaok

ismaintainedby simultaneouslyvaryingthepitchangleandadvanoe
ratio,thediscrepancybetvmenthetwo setsof observations- xnadeon
oppositeradiiand h thepresenceof a velooitydifferenceoffixed
percentage- may be expectedto becanelarguras theadvanoeratio
increases.Thisis truebeoausethedeviationofthe instantaneous
angleof’attaokfromitsmeanvalueis,undertheseoonditims,roughly
proportionalto theangleof advanoea

●

Anotherrelatedconsiderationof equal,ifnot greater,consequonoe
is illustratedby thecurves(B)of fi ure 11.

7(
Neferenoeto theformula

usedforcomputingthevaluesof dCTdx fig.7) showsthatif the
increaseof totalpressurewereto remaina fixedmultipleof q, that
is, APT= oonstant,the“elementarythrustaoeffioientwouldvaryvith

(v/nD)a. Therefore,withfixedaccuracyofmanometerrecordmeasur-
ement(inpercentq), thetotalthrustbecmm?sincreasinglysensitive
~~~to leastoounterrorsas theadvenceratioinoreases.
Thecurvesof fi~ure11 illustratetheohangesin appareatthrust .
coefficient(LCT) Ifiichwouldresultfromerrorsin Iooationof.-the
totalpressuredatum (c) whichamountto only0.005qandO.Olq,the
accuracywithwhichthe recordscouldbe measuredat thopitohsettings L
indicatedalongthecurvqs~Theoverlappingrangesresultfromtheuse

1.8

——
.
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a cf thedifferentrotativespeedsfortestsat differentpitohosandthe
factthattilelimitsof measurementwerefixedby theabsolutevaluesof
thedynamicpressure.

Thissituationobviouslypresentsa seriousobstacleto the attain-
mentof highaccuracyin surveysmadebehindpropellersofhighpitoh
end,inviewof themagnitudeof ACT showntifigure11,the degree
of agreementbetweenforceandsurveyresultsactuallyattainedunder
suohconditions(fiCs.12to’18)appearsgrtitifyingratherthandis-
appcintina.In fact,theabsenceof seriousscatteringamongthesurvey”
thrustpointsin theunstalledrangesofhigh V/nD operationis
believedto indicatethatthe effectiwaccuracyof totalpressure
determinationmusthavebeenconsiderablysuperiorto thatwhichwould
ocrrespondto an avera&eerrorequalto the leastcountof the reoord
measuringapparatus.However,thisveryfactdireotsattentionto
certainsystematicdifferencesbetweenforceandwakesurveytest
resultswhichwillbe discussedlater.,

Referenceto figures12to 18willrevealthattheagreement
betweentheresultsofwakesurveysemdforcetestiis exoellentfor
pitchsettingsup to about36°butthatit‘beginsto ~teriore.~eas
thisangle,isexoeeded.Thegreatestdiver~enceoccursin the_caseOF
thethrustsoffullystalledblades;itwillbe noted&at althou@-”’the
surveysaccountforonlya smallpartofthe thrustmeasuredunder
thiscondition,thecorrespondingpowerooeffioientgareerroneously
large.As inoipientdivergencemaybe seentithe lowestV/nilrange
evenwhenthepitchanglesareas smallas 200,it is efidentk-t
angleof attackratlierthanpitchangleis the oon~rollingfactor! It
isthusquiteclearthatthe apparatusand methodsused@ ~h”is~-- ‘~
vestigaticnyieldseriouslyerroneousresultsunderthec-bnditionsof
stallecioperation. ,-

.—4. .

At thispcint,attentionis calledto theresultsof preliminary
testswhicharepresentedin figure51. Thereitmaybe seenthatnot
eventhe stallingcharacteristicsof’a veryhigh-pi%ohmodelare”appreci-
ablyinfluencedby theprese~ceof thesurveyapparatus, ,“ —.

%$$Sincethe valuesof W- oalculatedfrcingivenwakedatavarywith

l/K (seeequationl?),theerroneouslylargepowercoefficientsdedvced
fromstalled-bladedataprobablyreflecta substantialau@ieii&ti”&”~-th6
yawheadcalibrationconstantsat larceangle~of yaw- Thiseq~=a-” “--
tionis sug~esteclby theupwardtrendofthevaluesof K which-im~
be seenin severalof the chartsof fi~ure6 andby thefacbthatif
Py wereto remainfiniteandpositiveuntil$ = 90°, E wouldthen
becomeinfinitebecause sin2$= o. -Moreextensivecalibm.ticndata
wouldbe requiredto verifythishypothesisbutthe occurrenceof~s~—
largeinstantaneousvaluesof ~ im thewakesof stalledmodelshas
beendemonstratedby the behaviorof tufts.

.

—
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Supplementarytestsmadeb an effortto determinethecauseof
thethrustdisorepanoiesindicatethatevenheadsof the shieldedtype
are incapableof measuringthetruemeantotalpressureswhenthe
surveytubesare installedat verysmalldistancesbehinda stalled
propeller,Thisis deduoedf’romthedatapresentedin figure51;the
improvedagremnent,intheeaseof torqueas WGI1as thrust,-obtained’
by movingtheheadsdownstreamis interpretedas the resultof rapid
decayc,fthepressure=d directionaldisturbanceswhichare,of course,
mostintensehmediatelybehindtheblades(seefi~s.2 and3, referenoe
3). P~wviousinvestigators(references3 and4) havest_resse.dt.ho
importanceof locatingsurveyheadsas closeto thepropelleras
possible;itnow appearsthat,exceptforthe slightuncertaintyin-
troducedby slipstreamcontraction,suoholoseproximityishighly
Undosimble.

Hethodof Com~aringPerfonmnceCharacteri~t~cs -

& themeritsof vari&s bladefonm areto be appraisedfromtho
viewpointof theoonstant-speed”propeller,whichnecessarilyoperates
overbroadrangesof pitch,powercoefficient,andadvancoratio,it
willbe necessaryto define,atthe outset,theconditionsunder
whichc(xnparisonsof performancecharacteristicsareto be made.
Typicalhigh-speedandcliubingflightconditionsaredefinedby Lines
I and II,respectively,in figure36*

LimeI is aotuallya-reot~linear:~pproximationaf ~le (v&y ~li{h~ly
curved)curvesof Cp versus V/nD for thecmditicmofmaximumef.l?i-
cienayForall ofthebladeformstested. TheparallelLine11 defines
valuesof V/nD which,at equalvaluesof Cp, areO.G”ofthosefor
Line1. ~ese arethe sameconditionsof omparisonWhiChwereutilized
in discussionof’thepreviousforcetestsreportedin reference1; de-
finitivecoordinatesof thetwolinesare:

-, ;. , _.

CP V/nD
CP

‘v/l@
-.— .- — —

LineX 0.05 0.90- 0.50 2s8!5 . . .

LineII .05 .54 ,50 1.71
..

?fostofthecomparisonsto be discussedbelowinvolvecmnbination~
of’pitchangleandadvanceratiowhiohdidnot oocurin thetestpro-
-gram.Therefore,thethrustandtorque.gradin&curws.forsuchcon-
ditionsweredeterminedby a processof interpolationwhiohwas,
necessarily,somewhatinvolved;itsprinoipalfeaturesareillustrated
by figureM(a). Theordi@tesof thethrustgradingtunes in the

20
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lowerpartof thisfigureweretakenfrm.figure28;theadvenceratios..
atwhichtheywerereadcorrespondto the interseoti.onsof LineI with
the Cp versus V/ti ourves.forthe severaltestpitchset”tings“&s
determinedby theforoetestsof refere.me1, Theoontourohart
vfhiohconstitutesth~upperpartof t?aefigurewas oonstruotedfrom ,
thesegradingcurvesand reconciledwiththe oross-fairedcurves
(notshown)of dCT/dx versus @ forfixedvalueso? x. Thethrust”— .
gradin&ourvesforthedesiredintermediatepitchsettings~d advance
mtios - whichcorrespondto theattainmentof predeteminc”dTalues–
of Cp undertheconditionsdefinedby LineI - weraconstructed
by shnplyplottingthevaluesofthe contours-attheirintersections
withproperlinesof @ = oonsta.nt(brokenlines).“-The”valu&of“~
usedfor suohinterpolationwerealsotak:eufrompreviousferoetest
data(seefigs.34 and35,refereuce1). Yhesamemethodwas””appli~d
to thetorques.

.——

.

.

.
. .

Effectsof ShankForm
.,.

Thechmges of thrustandtorquocausedby enclos~ roundblade
.-

.:
shankswithouffsof airfoilprofileareillustratedby “figures37 and ‘- ,- ,
38. In examiningthesecurves,it shouldbe notedthattheyrepresent
theeffeotof addingcuffsvhilethepitchandadvanceratiure,iain
unchanged;in thecaseof sucha basicchangeofform,thisis be---
lievedto givea moresi@t’icantportrayalof theresultsthanwould -
a comparisonpredicateduponthe absorptionof givenemountsof power
at.equalvaluesof V/d.

Itwillbe seenat oncethatthe additionof ouffshas“littleor
no effectupontheforcesezparier.cedbytheunmodifiedouterportions
of’thebladesso longas stallingdoesnot ooour. Suchdiscrepancies
as areapparentin theoutbrportionsofthe gradingourvesfgrpitch
settingslessthan60°are smallendgenerallyconsistent;it seems ,
likelythattheyaredueto minordifferencesof bladeformandchance
experimentalerrors.Thisevidencetendsto verifythe substantial
independenceof operationof thebladeelements- a simplifytig
assumptionofmodernpropellertheorywhichhas,untilnow,had rather
scantexperimentalverification(seereference5). It shouldbe noted,
however,thatthe600ourvesof i’igure38 indioate~ markedinfluenoe
of cuffsuponthestallingbehaviorof’thewholeblade;whileit is
recognizedthatthesegradingcurvesarequantitativelyinaccurate,
the qualitativedifferences~vhichtheyexhibitaretoomarkedto admit
reasonabledoubtthatthestallingchamwteristicsofthe twotypesof
bladeare quitedissimilar,

.—

—
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T1.eprinoipaleff’eotof theadditionof a ouffis seento be a
markedincreaseof boththethrustandtorque.of the innerportionof the
blade. Thenegativethrustwhiohcharacterizestheroundshankismini-
mized~,hennot entirelyeliminated.And it requiresonlybrief’inspection
to seethatthethrustis augmentedin considerablygreaterproportion
thanisthetorque.Thusthetiprovementof efficiencyin theunstalled
range,whichwas demonstratedby previousforoetests,isnow shownh
be theresultof localized,ratherthanextensive,modificationsof the
thrustad torquegradingourves. —.

Theforce.testsof reference1 haveshownthatthethicknessoi’the
cuffprofile- withintherangeincorporated”inthesemodels- ho.svery
littleeffectuponefficiencyint}ienormaloperatingrange~andthatthe
thicker”cWf enjoysonlya slightsuperiorityat reducedadvsnoeratl.o~.
Thereis,therefore,littlecauseforsurprisein theabsenceofmarked
differencesbetweenthethrustandtorquegradingcurvesforsuchmodels.

Infigures39 and40,theradialdistributionsof thrustandtorque
overth:lck-andthin-shankblades (PC* and P ) whiohhaveMentical

C2
planforms(butsomewhatdifferentpitohdistributions- seefiC.3)
areoomparedundersixtypicaloperatingconditions,thatis,at thrc~
valuesof CP andat advzuiceratiosvdui.chcorrespondto representative

highspeed(LimeI)andclimb(LineII}condititisof fliqht. These
gradingoyrveswereobtainedbythemethodillustratudbyfiflure36(a);
thepitc)hsettingsforwhiohtheinterpolatimswerecarriedoutwere
deducedfromtheforcetestdataof reference1 by theuse of an
auxiliaryohartsimilarto figure34 of the reporton thatwork. To
enablethe readerto oomparethebladeanglesof thetwomodelsunder
theseconditions,thede&ced pitchsetti~gsaretabulated

. .—

$ at 0.75R(deE)

LineI

c
P

(v/m) PCH F&
— —.

-LineII

belowz

.. - --

,-:.:

.-.. . . . . . --

(V/nD)pcE ‘CZ
-.

0.1 (1.27)29.8 29.8 (0-76) 22,2 22,3
.2 (1.80) 39.9 59.8 (1s08) 32.0 32.2
.5 (2.85) 53.7 53.4 (1.71)48*O 48.1

‘AtthesmallMachnumbersof thesetests. However,it shouldbe
apprecia-&6dthatif resultantvelocitiesa-tshankradiibeoamesuffi.-
centlylarge,thickprofileswill sufferearliershockstallingthap
willsim:llarthinonesd’ equaldesignliftcoefficient.
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Itwillbe apparent,uponreferenceto thebladetwistcurvesof
i’i&ure3, thatthe differencesbetweenthegradinggurvesoffigures
59 and40 are in qualitative‘agreementwithWe pitchdistributionsof
thetwomodels,thatis,largerforcesare experieqoedby theelements
whichhavethe largerpitchangles. Thusthesurveyresultsare oon-

.-

siste:ltwiththoseofthe forcetestsin the indicationofno significmt
differencesbetweentheperfonnanoeofmodelswiththidcandthincuffs
inthe unstalledrange.

Weninationof the elmnantarythrustandtorquecurvesfor these
models(figs.2+ to 27)failsto revealsignific~tdifferencesof
shankoharaoteristicsinthe stalledran~eof operation.Particulal*ly,
thereis littleevidenceof themarkeddifferencebetweenthestalling
characteristicsof thickandthinshanksto whichthe greatermeritof
themodelincorporatingthethiokWe was tentativelyascribedin
reference1. ChIlonesetof shad elementourves,thoseforstat~ti
No. 2 (x=”O.253Y at @075R= ~fjo, f’urnish d~finite corroboration;

●

in thisinstancethethrustof the thickelement (PCH) substantially

exoeedsthatofthe thinone (~~2) at smallvaluesof V/nD whereas

theirtorquecurvesarep~cticallyindistinguishable-Hmver$ this
isola’tedbit of evidenceis so scantthatsuchadvantageas Model PCH
enjoysat reducedadvanceratioscannotbe fairlyoreditedin greater
measureto shankprofileeffeotsthanto the influenceof pitchciis.tr(-’
bution, It is unfortunatethattwom“ocielsdifferingoh~yti-”thiokm%s”
of cuffprofileswerenotavailablefortestso thatthisquestionmight
havebeendefinitelysettled.Meveztheless,inviewof theadtierse
effectsof shankstallingwhicharebroughtoutin thefollowingseo-tion~
therecommendationthatshankprofileshavingsmallmaximumliftco-
efficientsbe avoidedwouldstillappearwarranted. ,-—

Effectsof PitohDistribution .

Themodelsselectedforwakesurveystudiesof the eff’ectsof pitch
distributionweretheextrememembersof theuniformandnon-uniform
pitchseries,tlnatisfU24$U60,0.42,and0.8E* Thrustandtorque
gradingcurvesfor thesemodels,whenoperatingunderthesixconditions
selectedforanalysisin reference1, ap:learin figures41 and42.

-.

The qualitativeagreementbetweenthesecurvesandthe corresponding
curvesof an@e of attack(figse37 and38 of refermce1)would.:appear
‘cohaveconsiderablesignificenoe.Comparisonwillrevealthattkbe

elementarythrustandtorquevanishundertheconditionscharacterized
by zerovaluesofthe angleof attaokandthat.theydo so at values
of x whichcorrespondverycloselyto those”indicatedby thecurves

23
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. ..
--referredto above. (Itshouldbe recalledthattheanElosof att&k

plottedh figures37 and38 of reference1 arem~asuredwithroferenoe
to the liftaxes(noliftlines)of theprofilesandthatinducedve-
locities-wereignoredin theirevaluation.)Furtherexaminationshows
thattl.eelementarythrustad torquesof thedifferentmodelsattain
equalityunderthevariousconditionsat valuesof x whichvery
closelyapproximatethoseatwhiohthecorrespondingfleometricangles
of attackareequal.Additionalevidenceof’correspondencewillbe
foundin therelativemagnitudesof theelemntarythrustsandtorques
at fix~,dvaluesof x: theyarein excellentgenerala~reementtith
themag~itudesofthecorrespmding=gles of attack, ..

Attenti~isnow directedto thosBfeaturesof figures41 and42
whichreveal.theunderlyingsourcesof the superiorityand inferiority
of the~ariouspitohdistributions.ThegradingcurvesforEodel0.4L
stmd apartfromthosefortheotherthree;theyindicatethatthetips
areveryheavilyloadedandthatthe innerelementsproducenegative
thrustunderallconditionsofnormalflightoperation,Thatboththe
negativeloadingof the shanksandexoes~iveloadin~of thetip~.preoludo
theattainmentof highefficiencyis9of course,apparentfromthovirzw-
pointcfmomentumtheory.“Thelaokof sufficienttwistto avoidthese”
objectionablecharacteristicsis thusseento be theorigin-oftho
generallypoorper$’ormance-demonstratedinpreviotiaforogtestsof ti~~s
model(seefig.31$reference1), — ~-—

~e””foroetestsshow,however,thatin operationa~high power
*...

input(lar~eCp)and reducedadvanoeratios,iioc!elO~4Eismore
effioientthananyof the typesvfiichincorporateGreatertotalangles
of blade&vist.Althoughtheeffectsof suchsuperioritywouldbe coc-

.

finedto take-offand low-speedclimbperfonnagce4the sourooof even
theselimitedadvanta~esdeservesinvesti~ation. -.

-—
Noneof thesixsetsof gradingcurvesin figures41 fi~42

depictsa conditionintilichModel0,4Eoutperformst~leothertypes
becauset-hesmallerof the‘twoseleotedsetsof advanceratioscorro-
si]~ndstono~al, ratherthmnto verylo-.:-speed,cltib. However,it
willbe seenh figure42 thatas CP inoreascsalongLtieII (nomal
climb)thedistributionsof thrustandtorqueovertheouterportionsof
the0C4.Ebladesap-.?roachthoseof themoreoonven~i.ona~typeswhileno”

.—

suohcoalescenceoccursin theimer region.TMs factis evenmorw
clearlyillustratedby thesmiiionliftcoefficientcurvesoffi.gura47
and it isworthnotingthatthesecurvesconformwellwiththecorro-
apondin,gangleofattw~ curves,figures37”and3% of roferon~ela

;.—.—
.. -.. =.

ThaSeo”tionliftcurvesfor Cp= .0,6”-a-ridV/’nD.1.71 clearly
indicatl~thattheshankofModelU24hasalreadystalledandthatthose
of U60mudOe&Emaybe ex@otedto do so ~hortlyo
reasona’~leto believethatas theadvanceratiois

Zb

--
It thereforeap~earti
reduoedstillmore

..—_
—

- . ..?—
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andthepitohsettingsarefurtheraugmentedas requiredforthemain-
tenanceof a constantvalueof Cp, theefficienciesof theconventitial

shankstilldeterioraternuohmorerapidlythanwi11thatofModelO,4E,
whilethebehaviorof theouterportionsof allthebladeswilldiffer
verylittle.It thusappearsthattiepreventionof shankstallingby
theincorporationof’a relativelysrillangleof twistin the9.4Zblades
is responsibleforthesuperiorityof tlnistypein the low-speed,high-,.
powerrange. r--

.—

Returning,now,to considerationof theotherthreepitohdistri-
butionsforwhiohEradingmmves areshownin figures41 end42, it
appearsthatundercomparableoperatingconditions,Uodels0.8E,U24,
andU60experienceloadtigswhiohdifferonlyby small-amountsandthat
themutualrelationshipbetweenthesedifferencesis alteredveryslightly
by largechangesin theconditionsof operation,thatis~thegrading

.—

curvesareoloselygroupedemdthe spaoin~varies.oqlyglightly.‘l%is
is due,chiefly,to the smallnessof theordinateswlnichnecessarily
characterizesmallvaluesof x- Ih thiscase,also,the seotionlift’
coefficientcurvesof figure47 givea nuchclearerpictureof themu-
ditionswhichactuallyprevQil,Theseourvesshowthatundertfiiial
high-speedoperatingconditions(Line1)the innerelementsofModels
0~8EandU60workat muohsmallerliftcoefficientsthando thoseof’ —
ModelU24. Thisis alsotrue- althoughto a smallerdecree- in climb,
so longas theadvmoe ratioandpitchsettingarenot large. These “-”

.

factsare in aocordwiththean~leof attackcurvesof reference1.

Sincethe operationof bladeelementsat negativeliftooqffioients
oannotfailto havean unfavorableeffectuponeffioienoy,figure47
warrantstheexpectationthatModelU60willbe lessefficientthan
ModelsU24 and0.8Einthehigh-speed(Line1) conditionswhichcorre-
spondto CD s 0.05aud0.2. Thisis confirmedby theforoetestresults

(seefigs.~0 =d 32,reference1). The samecriterionwouldindicate
the superiorityofIlodelU24 overModel0.8Ewhen Cp’=0,05 arid “

V/nD& 0.90;theforcetestresultsin thiscasedifferimperceptibly,al-
t.ha@a differenceof thopredictedsenseappearsat slightlygreater
valuesof V/nD with Cp= 0005-(seefig.32,reference1), TJiti
Cp= 0~2 and V/nII=1.80, thesectionliftcoefficientsof IlodelU24
aremorenearlyuniformthanthoseof Model0.8Ebut forcetestsshow
thattheefficiencyof theformerisnegligiblysuperiorunderthiscon-

! dition. h viewof the stillconsiderabledifferencesbetweenthesection
liftcoefficientsforthe shanksof thethreemodelswhen Cp = 0.50 and
V/nD= 2=85,it is Wcerestingto
preciabledifferemesbetweenthe

.- oped.

notethatforoetestsrevealedno ap-
over-allcifficienciesackua;lydevel-
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Clear-cutreasom fortherelativemeritsof.~hese“thzzeemodels{U24,
L’60~and.0.3E)under-typicalcliuhingccuiditionsareobviousi.hniiiy“~ne
wu3e: thatfor.Whit> c? = 0.50 and V/nD. 1.71. Thereit ISap;~arent
i ilb:~thf>gures42 and.47thattheshankeof theh@ly twistedbla~es~
U24}=’e“stailedwhereasthaseofModels0.!“:EandU60are~tillmeratin.g
et ;I~.@-liftcaefficiemts. —..— —

-.

In theintcriediatepavercmd ittanfarLineII (C!p= 0.2),the
threesetsof ~yad~ curves(figs.Al.and42)~~ t;~ecorre”s~l~ndi~r
soctiunIli’tcurves(fig.47)differveryslig~tlyexceptfintheir”
ZnilOIWOdprtions. Ewever, tilesectianliftcurvesfurMtiil”s0.13E
~mdU24:exh~bit;protr!udl~,-ro~uxled~eakswhich30“notcotiormwiththe
pre~ia~.e~deducedcllrvesof gemnetric@gle of attack.It.%ppears
Jrobabl.ethatWis discrepancyis therasultof incipientstallingaf
thewt,erbladeelementscf the~etwomodek, = ~o,”iiimightbe
expectedthattheirefficiencieswcml.iibe adverselytifectedwith
l“eferer~ceto.that.ofMxlelU60. Nevertheless,farcete~tshave
s“hownModelU24 to be clefti”itelysuperiortcIthaothertimunderthis
Ccnliit;m. Theonlyexplanationwhichwouldappearto be reconcilable
withtl.esofactsis thattheadverseeffectsof uuterbladestallingin
thecaEeofModel~.S3,and af reduced”sha&~l:-Jadingin thecasesof
?mth0.8EaindU60,e,regreaterthanthatdueto the (probably)less
severestallingof tie-cuterpccrtionsof.I.WelU24. ThQfactttit ““
thean@es @ attacjsof the.outerel.a~taGf.MOdelU24aremiIaller
thanthoseof 0.8Elerdasupport39 thisc~ectare.

AI_I~VSiEI@ thecIMhg cditi.a~characterizedby CF = 0.05an3
v/nD= 0.54 ~flnO 165Sd~Ticult.’In thiseaselthel~adi~”ofthe
shanksof ModelU24 is-heavier,andth=t-of thoouibo@~”pQrtio~6“OIWL
whatlighter,thanisthecasefortheothertwomodels.However,tho
seetimlift coeff’tcientsforthe cuffelementsdifferwidelywhile
thosefortheouteraleuentsareof the sameo~rdsr.Therelative
.im;xmtenceof thesedifferencespracticallydefiesapprateal-
~artic~clarlywhenit isrealizedthatunderthisconditior”allthreo
m~eb.develop”a~~o~smately90 percentof the idealefficiency
L.redictedb.,~simplenanentun,theox”y(seefig.337referenco1;
(v/1-iD)C-# = 1.43).

.RrinthefareGoingc~@iso~, C_i~= thou~ll%ky seq in ce&ln
instances,it is pussiblbta deducesomei?actsof cotiiriorablesignifi-
cance.:ltis”quit-eeviilenijthatfc.refficiant”c@tik:9joed ””operati&,
bladetwistshouldbe sachthatshankeloiiiits”fill~ot.~~erate~t nc@-
t,~vesectionlift..ccwfficientsinhi.gh-sgeadflightjthatstalli~cf
theshankain take-off’andbw-s~pedclfnb%11 36 rninb?ied-insa ~ar
as pcmslble,andthatsubstantialunifm-mityof sectionliftcoeffi-
cients‘JI1lprevefloverthewholebladeInnormalcruisi~4 h@-
Erpeedflight,Thedesirabilityof’un~iformttyisind~cat%dby theLineI

.=—
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—
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.* comparisonswhiohgiveetidenoethatthe adverseeffeotsofnon-uniformity
aremostpronouncedwhenthe averageseotionliftcoefficient.is small.

Therecommendationof a bladetwistcurveofthe ltenvelopelttype
as bestsuitedto fulfilkmt oftheserequirementsis thusinfull
agree.nentwiththeconoluEiondi-awnfromthe forcetestsof reference1.

lhdependenceof BladeElements .—

.-

.

Thedataobtainedintini.stivestigationofferan opportunityfor
moreextensiveandthoro~h verificationof theoonceptofbladeelement
independencethanhasbeenaccmaplishedheretoi’ore~Theresultsof the
experimentsmadeby Lock,Ba%eman,andTownendabouttwentyyearsago -
(reference5)weresummarizedinthe statement,l’Theagreementwith
thso~ was goodexceptin oertaincasesnearthe tip sndbossof the
airscrew,’l- and littleor no ~urtheratteationappearsto havebeen
~ivento the questionsincethen. It.isworthnotingthat theseear~y
experimentsweremadewithblades~.hosetwistourvesdeviatedonly
slihtly(7.80)withinthe rangeof radiiexplored(x= 0.45,O*6,0.75,

!0.9 ~d thatthetestsweremadeat mall pitchsettingsendadysmoe
ratios(@oe7n= 23°to 33.5°; V/nD= 0.437and0,570)~Moreover,the

.-

referenceto elements‘*nearthe...bossof the airscre#is sammhatmis-
leadingbeca~e the Iacaticmofthe innermostelementinvestigatedwas
x = 0=45.

.1 —

As all ofthethree.bIademodelsinvolvedin thepresentfivosti-
gationweretestedat the samepitchsettingsat 0~75Z,verificationwas
begunby plottingthemeanourvevaluesof dC h and dC dx for

d d
station6 (x= 0.752) a@nst V/nD. Theresultingcuryesare repro-
ducedin figure43, Itwillbe seenthatagreementwithintheunstalled
rangeis excellentfor pitohsettingsof 12°to 480atdthatdeviations
amongthe600curves,do not greatlyexceedtieprobablelimitsof ex-
perimentalerrors. Thus,theforceswhichactuponthe0.75Relmienk
of any ofthesebladescanbe safelysaidto be substantiallyunaffected
by theforcesonthe otherelements.

To extendtheverificationto coi*respondin.gelementswhichwerenot
setat equalpitchanglesduringthetests,a morecmnplicatedprocedure
hadto be adopted.First,thevalues”ofV/nD at whicha6rtain‘values

dof dC &c wereattainedby fourelementsof eachof thethree-blade
.

n.odelswere readfromfi~mres28, 30132,and34 andp10tkf3dagainst
thepitchanglesof theelementsimtheupperchartsof fi~ure44.
(Theabsoissasaredesignated“~e;’to avoidpossibleoonfusionw~th
nominalpitchsettingsat 0.75ii.)Tom,alcwthe comparisonscomplete,the —
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correspondingvaluesof dC~dx werereadfromfigures29,31,33,and
--
..

35 sad:?lottedagainstvia, as showninthe lowerchartsof figure44.
TheplotteddatahavebeentakenentirelyfromtheUnstalledrangesof
operatimto avoidthecomplicationof doublevaluesaTheabsenceof
seriousscatteringamongthepointsof figure44 makesit unmistakably
clearthattheforceson a particularelementof oneof thesepropellers
arepracticallyunaffectedby theforceson the remainderof theblade.

. .—
b thisconnection,however,it shouldbe rememberedthatin both

theseandtheearlierBritishexperiments,onlytheeffectof altering
thetwi,~t,andnobthatof varyingtheplemfonu,hasbeeninvestigated.
Inthesomewhataualogouscaseof thuwing,the relativeinfluenceof
twistdiminishesas theaveragesectionliftcoefficientincreases,and
itwouldappearthate.stiilarinfluencwmightbe expectedin theease
of a propellerblade. If so,the interactionbetweenadjaoentelements
WOuldassumerelativelylargeproportionsonlywhentheiranglesof
attackwgresmallandthe resultanteffectsvmuld,therefore,be of
smallabsolutemagnitude.& the otherhand,theeffeots
variationsare stillunexploredand,to judgeby thewing
wouldnotbe surprisingif verificationof theconceptof
actionof’bladeelementswereto be foundimpossiblewhen
bladeshavingdifferent-chorddistributions.

,-

SecrtionLiftCharacteristics

of-planform
analogy,it
independent
attemptedwith

. >+

. .. .,=
-..

., - .T—

Becausethe.dataobtainedin thesciexperimentswereseento afford
an unique.opporturlityto olarifysomehithertocontroversialcpestion~
of fundumezitalimportance,thesgmsvht“laborioustask-ofcalcuIat”In~”
sectionliftcharackistiosfor severalmodelsV*Sundertalcmwiththe
followingobjectivesinview:

(a)TO comparethe variations,withadvanceratio”tid-”~glbof
attaclc,of thesectionliftcoefficientsforcorrespondingelementsof
modelswhichdifferonlyas regardspitchdistributionsmdnumberof
bladei’, -- ?- .....

(b) To deteninethevaluesof the sectionliftcoeffioiegtamhioh
prevailunderoperatingconditionsropresenta~ive.ofnom.alolimb~ and
high-speedflight.

(c) To testtbe.validityof Glauert’sbasicmomentum.vortextheory
by usirq;itto deducethovaluesofthe ‘teff?eo~i~e’iliftcurveslopesand,
by comparingthemwithaoceptedtwo-dimensionalvalues,to appraisethe
necessil~of greatertheoreticalrefinementfortheaoourateprediction
of prop(~llercharacteristicsfromairfailsectiondata.

.. -..
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Inconnectionwiththe selectionofGlauert~ssimplifiedtheoryas
thebasisforthesectionliftcalculations,it shouldbe notedthatalthough
thistheoryis strictlyapplicableonlyto thepropellerwithinfinitely
numerousblades,itsadaptationto theeaseof tiewitha ~initenumber.——--———
is statedto requireonlyverysmallcorrections(referenoe6, pp. 258,2G9).
It is alsopointedoutthatwhilethe accuraoyof thededucedanglesof
attackmaybe opento somedoubt(asresultof theapproximatemetinodof
evaluatinginducedvelocities),no suchuncertaintyexistswithreference
to thevaluesof thesectionliftcoefficientsthemselves.~

Theformulasrequiredfor theevaluationof the secti.~lift
characteristicshavebeendevelopedin a precedingsectionof-thisreport;
thetabularformusedfor routinecalculationis reproducedas tabl_e__~I.
Illustratedtherearethecanputaticnsnecessaryfor thedeterminationof
a singlesectionliftcoefficientandthecorrespondingangleofattaoks

Calculationsweremade,first,forfourelements(x= 0.253,0.520,
0.752,and0;928)of thetwothree-blademodblswhichdiffermostas
regardspitchdistribution(U24and0.4E);thecaloulaticnswerethen
repeatedforsimilarlylocatedelementsof onefour~blade”~o~=l-rPC2).a

The resultsaretabulatedintable11andpresentedas chartsof -CL

versus V/@ and CL versus a in figures45 and46,respectively. -

.- !Tnesectionliftcoefficientsplotted@ figures45were derived
fromwakedatalimitedto thoserangesof advqnceratiowithinwhichthere
is reasonablycloseagreementbetweenthe resultsofforceandwakesurvey

. tests. Perhapsthemoststriktigfeatureof thischartis thesimilarity
betweencorrespondingsetsof’curvesfor thevariousmodels.3Theclose
agreementbetweenthemaximumliftcoefficientsattainedby corfefiponding
elements,regardlessofnumberofblades,is quite.svi.dent@ thelm~o
lowerrowsof charts. Lackof similaritybetweenthecurvesfor‘the
innermostelements(x= 0.253) is,of course,the resultof difi’erenoes

~Becaueethemagnitudeof the resultantvelocityisnegligibly
affectedby smallvariationsof inducedvelocityand theccrrespqndingly
smallchangesin the directionof V canhavelittleinfluenceuponthe
valueCf dLt, the componentof dR; whichisperpendicularto Vr (see
diagramE, T. 14).

.

.-

2
Thesethreemodelshaveidenticalde~elopedplanformsand incorporate

the sameprofilesat equalradii.

3The use of differentpitchsettingsintestsof three-andfour-blade
mcdels”shouldbe noted.

. .
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betweenthe distributionsof pitchw~ichdivergewidelyonlyin this
region.Theverypeculiarshapeof theGOocurveforthe innezmost
elementof ModelU24 arisesfromtheattainmentof theoritioal&gle of
attackwhilethe 100alpi’bchangleexoeeds80°.

Theabsenceof peaksin thecurvesforthe innerelements(x = 0~520
and 0.253)not onlyindioatesthatstallingoocursfirstontho outer
partsofthebladesbut,also,thatsanepeculiarlyfavorablec~dition
mustexistto permittheattainmentof suoh“abnormallylargevaluesof
OL by thesesectionswhiuharenot distinguishedby unusualoamber.

All evidencepointsto theoperationof an automaticboundarylayerremoval
meohani.sm$probablythepmnpingof the boundarylayerof the innerelements
towardthe regionof lowerpress’newhichexistsfartheroutboard,

Infigure4(3, the seationliftcoefficientshavebeenplotted
againstthe ~le of attaoktExaminationrevealsno identifiablescgre~
gationot’thepointsi’orthree-andfour-blademodels, end the onlyrecog-
nizablegeneraltrendappearsto be onetowardsli~t reducticnofthe
liftourveslopewithincreasingpitch. Themarkedinareaseof &/da
fromtiptward rootis evidentinthegroupsof pointsforthethreeouter
statioasbutthevaluesfor x -:0,253 ar4 so scatteredas torakeesti-
mationdiff’ioultin thatcase. llaxlmumvalue6of OL (s~e of~Thich
aretoogreatto permitinclusionin thisohart)appeartodependmarkedly
on pitch60tt@ - andincreasinglyso as theelementunderconsideration.
movestowardthehub. Thisfacttendsto substantiatetheboundaryIayer
hypothesispreviouslysuggested.

fk~othersetof sectionliftcoefficientshavebeencalculatedfrom
thetypioalgradingcurvesof figures41 and42;oaputationsweremade
fornkw stationsin orderthatcurvesof ‘L versus X mightbe well
definednearthe root,tip,andouterlimit-ofthecuff. Thenumorica~
valuesaregivenintableIV andtheyhavebeenplottedagainstradial
locatisnin figure47,a chartwhiohhasbeenthesubjeotof previous
discussion.Thesecurvesare of particularinterest,n-J beoauaethey
so cleizrlyillustratea basiopropellercharacteristicwhichisnot
generallyrecognized:It is the increasewithpitohangleof the&verago
seoti.onliftcoefficientatwhioha.givenpropellerattainsmaximum
efficiency.RemanberingthatLineI verycloselyapproximatesthecon.
ditionformaximumeffioienoyat allpitchsettings,the‘ihip~sp6ed11
ohartsof figure47 revealthatvhen CP ~:0.05(P0075RA230) th~
seotionliftcoefficientsaverageabout0~4,thatwith CP = 0.2

(90~5,R~ 43°)theaveragevalueincreasesto approximately0.6, and that‘-
●

..

-.

.

-.

.

—

.

when [3 * 0.5 (p.~5R+ 57°)it is approximately0,7.P ? — ‘.;..-.”~-. -=
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It is emphasizedthatthe foregoin~ vsluescorrespond*Omaximum
efficiencyandthatthemajorityof thenormalworkingrangeinvolves
stilllargeranglesof attackandgreatervaluesof’CL. It should

thereforenotbe surprisingto seesin theLineIIcharts,thatseotion
liftcoefficientsas greatas 1,4to 1.6may oocurin nomal climbat
highpower. Attentionis oongequentlycalledto thedesirabilityof
incorporatingprofileswhiohhaverelativelylargedesignliftcoef.
ficientsinthebladesofpropellersintendedfor operationat high
pitcheagles. .-. --.> -—

Thesectionliftcoefficientswhichwerederivedfromfigures41 and
42 (tableIV)andusedtb definethe curvesof figure47 havebeenre-
plottedagainstangleof attackin figure48. Valuesforcorresponding
elmnentsof allfourof thethree-blademodels(U24,U60~0.4E,and0.8E)
appearin eachof thenineohartsof thisfigure.1It is evidentthat
thepointsforallbutthe two tier elementsdefineat leastthe lower
portionsof the liftourvessowellthattheirslopes-d theanglesof
zeroliftcanbe determinedwithconsiderablecertainty.

.-
Thevaluesof

do~da and of am areplott~dagainstx fi figure49.

h figure49 itwillbe seenthat,despitethe shi.larityof shape,
thedifferencesbetweenthecalonlatedand experimentallydetermined -m
valuesof cf,~areconsiderablygreaterthanthoseordina~ilyrev-ealedby
+.+stsOfmodelairfoils.Althoughsuchdifferencescouldt=rise~tirely
,fromprofilemalformations,two otherpotentialsourcesof’discrepmcy
existin thepresentcase;theyareinaccuraciesof bludetwistand
sucherrorsasmay be inherentin thenecessarilyindirectmethodused
to determine~ Theapportioningof responsibilityforthesedis-LO”
crepmciesrLustthereforeawaitfurtheranalysis.

The questionofthepracticalapplicabilityof Glauertrstheory
ofthe idealizedpropellerremqinsto be exsmined.Sincethat~alysis
basesthepredictionof bladeelementforcesuponthe inftiitiaspect
ratiocharacteristicsofthe profiles,verificationof itsapg~icability
wouldrequirethatreversalof theprocess,thatis~deductiunof ‘*sectiontt
M.ftcharacteristicsfromwakesurveydata,yieldliftcurvescharac-,.
terizedby slopesappropriateto two-dimensionalflow. Thefailureof’the
theoryto yieldthisresultwillbe seenin figure49 wherethe li~ curve
slopesfromfigure48 ha-c-ebeenplottedagainstx,

—
The_o.r@atesof. :

thiscurvearenot onlynon-uniformbut,with limitedexception,they

. IiLightlineswhichextendfrcinclustersof spotscarzyattheirouter
“ ‘endsreferencedotsandsmall“flags”v,hichenablethe identificationof .

pointswhosedistinguishingsymbolsare obscured.
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fallfar shortofnormalinfiniteaspectratioliftcurveslopes
(approx:;O.lO/degD. Thqfindingof suchlargediscrepanciesolearly
demonstratesthata considerablerefinementof Glauertrselanentary
tiieorywouldbe requiredfortheaocuratepredictionof’propeller
characteristicsfromairfoilsecrtiondata.

Thecharacteranddistributionofthe discrepanciesof liftourve
sloperevealedby figure49 indicateunderestimationofthe induoed
velocitiesat nearlyall radiiandcontinuousinoreaseof thede-
ficiencywithradialdistanceoverthe outerportionoftheblade.1
Theprincipalsourceof theseerrorsappearsto he Glauerttsasmmyticn
of uniforminducedvelocitiesat.allpointsof the annulussweptby a
given=lement~Suohagonceptcannotbe reconciledwiththe100al
augmentationof inducedvelocityin theneighborhoodof oneof thewings
of’a“multiplane,andit is emphasizedthatlocalau~entationwouldper~:ist
~ven though thenumberof’thernultiplanetswingswereto be inoreased
indefinitelywhilethetotal@.ngareaandfront–viewdimensionsre-
mainedun&anged, Thisanalogywouldleadto theantici~>ationof
deficiencyofthe inducedvelocitiescalculatedby Glauertlsmethod-
eveninthecaseofthepropellerwithinfinitelynumrousblades.
Moreover,thedeficiencymightbe expectedto increasewith radius,for
bladesofnormalplanform,as a resultof augmentationo.Ctheanalogue
of the:miltiplane~sgap/chordratioo Theseveredeficienciesof lE%
ourveslope(andinduoedvelocity)neartherootandtip-canbe logioally
ascribeddrilyto theconcentrationof trailingvorticesh thoseregions.
Glauerttakesoogniz~ceof thisinhis ‘Itipcorrections’i(forthe offsot
of a finitenumberofblades)butthe applicationof suohcorrections
cannoti”beexpectedto accomplishmorethaneliminationof the sharp
declineof liftcurveslopenearthetip.

In viewofthe evidentshortcomingsof Glauert~smethod,itwould “
appearlogioalto examinetheexistingdisorepnciesagainsttheback-
groundofGoldsteinfs.moreelaboratetheory(reference7), Thisanaly-
sisofthe.ideallyloadedpropellerwitha finitenumberofblades
yieldsinducedvelocitieswhich,overa largepartoftheblade- ad
increasinglyso towardthetip,exoeedthosecalculatedby themomentum
methodof Glauert.As thedei’icienoiesof liftourvesloyerevealed
by figu:re”49Rlsoincreasetowardt&_tip,it is apparentthatapplica~ion
oftheGoldsteinthecryto thesewake surveydatawouldhavethe effeot
of’reduoingthediscrepancies.And althoughextensiveraaalculationwould
be required$o..gbta@.quantit&tiveverifioatj.oa01thQG~datfiWc_ory

● ✎✍✎✎ ✎✎ ✎✎ �

lTllefaott~t the outerpo%ion of thisparticular-ourvao~ ~ -

ddc da,versus x is quiteaccuratelydefinedby theequation
,

dcL/da-l=0.65X -l./k is noted,butitssignificsnoe,if any,isnot

apparent. -. —.
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in thiscase,the evidencepresentedin referenoe8 - r?nichPas released
to thewriterafterthe presentanalysishadbpencmnpletid- givesgood
reasonto anticipatethatthe
mentof theagreementbetween

result-muld“oea verysubstantialLmprove-
theoryendexpe.rinent..

CONCLUSI01t3 —

Thisinvesti~ation,vvhichhad as itsbasioobjectivethebroadening
of existinglaumvlcdgeof thefactorswhiohoontroltheefficiencyof
oonstant-speedpropellers,hasbroughtto lightthefollowingngte~nr%~y
facts:

—

1.Whenfhiredbladeshsnksare substitutedf’orroundones,the
consequenttiprovamentof efficiencyresultsfromtherelativelylarger
augmentationof’thrustthanof torqueand,ultilstallingoccurs~these
effectsarestriotlyconfinedto themodifiedportionsoithe blades,

2. Thestallingof bladeshanh, whiohoooursdurin~take-offand
may occurat advanceratiosutilizedin’normalclimb,has an adverse
effeotuponefficiencywhichis amplifiedas ‘P tioreases.

3. Pitchshouldbe so distributedas to precludethe operationof
-- anybladeelementat a negativeliftcoefficientin highspeedflight,

to minimizeshanks’tilingat reduoedadvanceratios,andto provide
substantialuniformityof thesewtionliftcoefficientsunderconditions

% ofnormalcr~isingandhigh-speedoperation.A bladetwistcurve of tie.
‘lenvolopelttypeappearsbestsuitedto the fulfillmentof ti~cserequire-
ments.

4. Thetheoreticallypredictedindependenceofbladeebmentshas
beensubstantiallyverifiedin sofaras twistis concernedbut s-imilar
confirmationof theeffectofbladewidthdistributionrcmminsunac-
ccsnplishedsad,intheauthor~sview,im~robablc. .-

5. Theradialvariationof’sectionliftooefficiontis in qualitative
accordwiththatofthe .geometrioungleof attaokas calculatedwithout
considerationof inducedvelocities*

6. Theattainmentof abnomnallylargoliftcoefficientsby sli@tly
csmberedshankelementsis ascribedto theexistenceof a favorableradial
pr~ssuregradientwhichseriesas a boundarylayerpump.

7. Theaveragesectionliftcoefficientatwhichmtimum efficiency
is attainedincreaseswithpituhand,in thecsaseofthe presentmodels,
attainsa valueof 0.7when PO’~~ is between550and60°.

●
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Fortheevaluation
creditedto Joukowski

?WCATN W,,l@O ‘

APPENDIXA

Evaluationof AP

of .&P,use is.madeof the relatimshipusually

Ptl - Pto““PI - po+ pwa/2 (Al)‘

inwhich ptl ~d Pto are,respectively,the totalpressuresim-
. mediatelybel.indand h frontofthepropeller,~ ~d p. arethe

correspondingstaticprossureaand
theair justbehindthe propeller.

w is thetangentialvelooityof
Substituttig “

APt = Ptl - Pto:AP= PI

*)
equation(20)becomes1

,Al) “

- po;and ~. PWa/Z (A2)

Dividingby the dynamicpressuroof’the.undisturbedet~esmand.sub-
- stitutin~

.

yields

Thus, the
changeof

..-

APT= Ap~q AP.=A,p/q,and E = qd (A4)

LP=AP .ET

(thrust-producing)changeof static
totalpressureby tilequantityE,

tationalen.er,gytipartedto the slipstr~am.-

pressurediffersfromthe
whichrepresentsthe ro- .—

Althoughtheuseof shieldedtotalheadtu’isenablesaccur~to
measurementof APT (whichis nottrueof tileplaintubesusedin pro-
viouswork), no methodis knownforthe directdeterr~nationof ~ cr E.

lSeereference5, p. 233,equation(2.3).

35
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HO-ifOV~Y’,
valuecbf
outlined

whnco

and

Ifthere

The

.
if theaxialvelocitythough thepropellerdis”kis known,the

.,-..-s
.-

E can be deducedfromtheyawheadpressure
below.Accordingto (9)

w = R#UK

a 1 Py a
()

a%= flw-=— —
2 2pu2 K

.- .-

qw 1
r)

a
x =—= ——

q puapV~ K

,4 . ..

is introduced(rv= u) and J?y.@(pva/2)

Py 2
E.~

()4=2 %-

di.fferenceas

(A6)

(A7)

{At3)

..
A. .

(A9)

.

-.
—

.- s

——

—.
.:=:

problemwhichnowremainsis-thatofevaluatingr, thera-tko
of theaxialvelocitqythroughthepropellerdiskto thevelocityof WC -.

undisturbedstream.Theaveragevalueof r is implicitlyd~fhwd by
Froudelsequation .-

wherein T is the-total,thrust,A the iskaria, v ~heVVIOd’& & “’” ““-

advanoeend 1 + a = r. $Substituting@ fu for A. a.maivj.dingby
pnaD4 to obtainthethrustcoefficient

a
l?/v

)
c~.-(—,

2 hD
a(l+-a)

.—

whence
2*nDa

aa + a. —
n.( )T ‘0

34
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APPENDIXB

Evaluationof a

Thenmthodof evaluatinga whichis describedin thepreceding
appendixtiwolvestheimplicitassmpticnthatthe tlnrustiswifonnly
distributedoverthepropellerdisk. As suchis neverthecase,the

.-

valuesso ccmputedareof approximatecharacterbut aresatisfactory
forthe intendedpurposeof improvingthe accuracywithwhichthe
elemente.r~thrustcoefficientsaredeteminedfromwakesurveydata.
However,theuse of suchapproximatevaluesof a in the evaluationof
sectionliftcoefficientswouldjeopardizetheaccuracyofthoseresults
and,sincethevalueof a foreachelementOEUbe rigorouslydetermined
fromlmo~~ledgeof thecorrespondin~valueof dcT/~, thatprocedure

T~S followed.Thedevelopment
outlinedbelow.

Accordiqto themomentum
locatedat the radius r is

ofthe equationusedforthispurposeis --

theory,thethrustof thebladeelements —
—

dT = 4nprdrV2a(l+ a) :“.(B:)_

.- inv.%ichV is thevelocityof’advanceand V(l+ a) is -thevelocit
throughth~planeof rotation.SubstitutingxD/’2for r and-d 2
for dr .-- ----

d!i’= 7@12V2a(l..+ a)xdx (132)”-

‘l’hecorrespondingelermrkrythrustcoefficientis —

dCT &T/dx v=
dx ()

a(l+ a)x“~2D4=n S (B3)

If thisequationis rewrittenas

dCT/d.xa
a +a- =0 {B4) ‘

Trx(v/nD)2

thevaluaof a is foundto be
.

/ k(dCT/d.x)
.-

1

-lx 1 + ..—

Tcx(v/nD)2
a= (B5)

2
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Fortho oaloulationof sectionliftcoefficient,

readfroma curveof a . f
[ 1
(dGT/dx)(nD/V)e.

3

valuesof a were ..
—

Evaluationof @

Theeffectiveangleofadvemceof theb-ladeelementin diagramE
(p.14,)is ,

r
V(I +.a)

@ = tan-l -—. 1 (M)
L ~m(l _a!)J

in which aV and 211rna1arethemagnitudesof the induoedaxialand
tangentialvelocitie~.llhenr is replacedby Dx/2

(B7)

andtheequationbeacmosnon-dimensional.Since x smi V/nD willbe
known,andas a canbe calculatedas outlinedabove,theonlyadditi~al
informationrequiredforthedeterminationof @ is thevalueof al.

Thegeneralmomentumtheorypostulatesthetangentialvelocityof
theairin theplaneof rotationas one-halfthatimmediatelybehind
theblades. If thelatteris wr, thefoxner. the inducedtangential
velocity-

Wv3nce

Thetorque
V(l+ a),
tangential

..— —

--

.—

-.

. .

211nrat = Wr/2 (m)

.. .. .

4mnar~ W (59)-- -- ,._–

rewiredto accelerat~acyltirioalshellof air (length
mean radius r, raiialthicknessdr) fromrestto tho
velocitymr in unittimeis —.

da= pT’(1+ a)tirdrxwra (s10)

SubstituttigD-~2 for r, D&x/2 for dr sud 4nna1 for w, ●

P&<=- V(lta)manafjj4x3ti
2

—

(Pll) h

—-.
—.-

/
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Thecorrespondi.n~elementarytorquecoefficientis

~V(l+ a)Tlana~D4x3
23

dCQ dQ 1 11x (1+ i)af
x—n— —.—= =

dx dx 0n2D5 2Pn2D5 2

wheree
2

~1 ,, —— . d~

T12X3(l+a)(V/nD)()

Thusthecalculationcf @ is accomplishedby the

()~..m. (B12)

substitution
in (57)ofthe valuesof a and al whichare evaluatedin accordance
with (B5) and (B13),respectively.Itwillbe notedthatthe only
dete.requiredarethevaluesof x, V@, d d

dC dx,and dC dxc

APPEEDIZC

SpinnerDragCorrections--

As the spinnersurfaceconstitutedth+ innerlimitofthe region
-. coveredby thesesurveys,theapparentthrustsdetermined~ inte&ration

necessari~vexceedthe truenetvalues,whichare--obtainedin dyna- --
manetertests,by the amountsof thespinnerdrag. Sincespinnertorque- ‘ .-
ifappreciable- wouldbe deteotmdby theyaw heads,the surveyresults
needonlybe correotedfor spinnerdragin orderto be madefullycom-
parablewiththoseof routineforcetestson the samecmubtia.tionof

—

propellerandspinner.

.

1

To obtainthedata requiredforthesecorrections,spinnerdragwas
measured- as ne(;ativethrust- onthe dynamometer.Withtineblade
aperturessmoothlycovered,the spinnerwas drivenat speedsrsnging
from700to 2100rpmwhiledynamicpressurewas variedthroughoutthe
rangeutilizedin thesurveys.Theeffectof rotativespeed.was fowd
to be negligible.Thisenableddefinitionof thespinnerdragcoef-
fi.uientas a funotionof dynamicpressureoply;coordinatesof the
resultingcurvearetabr,latecibelow:

q (lb/fta) 2 8
.-.-

20

CDS 0.00200 0.00191 0.00183 0.00176 >-



It shculdbe noted
tho spinnerand D
baseduponfrontal
Da (D= 33,6in.),

.. listed,above;that

Thefollowing
thefcregoingform

Itwillbe
thedirect
Of q and

ACT

..-

?WCATN ??o.10l@

that CDS= D~q D2, inwhioh DS is thedragof
thepropellerdiameter.Hadthe coefficientsbom
areaof the spinner(dim. = 5 in.) insteadof
theirvalueswouldha.vobeen57.5timesthose
is,theywouldhaverangedfrom0.115to 0.103..

relationshipindicatesthoreasonfor selectionof
of dragcoefficient

D~ CDS p @D2 %(X=-
pn%4 = -

(cl)
2pnaDg = -Z-w-)

seenthat,as theValUeof CDS is fixed~ thatof q,
evaluationof ~CT requiresonlyknowledgeof thoVCIUOS
v/nD. The substantialconstancyof CDs ti consequent

approxi~tcproportionalityof ACT to (v/nD)2~~usindicatethr.)
importanceof the spinnerdragcorrectionat largoadvanceratio~.
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1

Model P P~.,~ = =“

V/nD= 0033 0.5 0.7 0.8 0.92

8ta. aoQ/dx

o +0.0016+0.0010IQ.0002-0.0001+0.0(X)4
1 .0036 .002$ .0015+ .0010 .0020

●0131 .o128 .O11o .0090
:

.0070
.0232 ,0225 .0186 .o155 .0107
.0299 ,0278 .0224 .o182 .o120

: .0335 .0304 .0242 .o185 .0107
.0w5 .Osll. .0252 .0180 .0091

: .0349 .0310 .0252 .0169 .0068
.0343 .0299 ,0235 .Olm .0049

: .0314 .0254 .0187 .O11o .0027
10 .0031 .0041 .0075 .0048 .0010

v/nD

Sta.

Q

ModelPa t30Q7~= ~“

= 0.33 0.5 0.7 0.8 0.89

&o(@

to.oo20to.oo19‘I-O*OOO2-0.0002-0.0015
.0040 .0037 .0020+ .CXX)8- .0005
.0160 .o152 .03.23 .0101+ .CKwo
.0249 .0235 .0191 .0160 .0115
.0300 .027s .0226 .0185 .03,20
.0330 .0295 .0241 .0193 .0116
.0350 .0306 .0245 .0187 .0105
.0360 .Ono .0249 .0182 .0096
.0355 .0300 .0242 .01s5 .0060
.0280 .0230 .0174 .0KL3 .0020
.0049 .CXM5 .m90 .0055- .00I.5

ModelPC @(),75~= ~“

v/all= 0.3 0.6 0.7 0.8 0.92

Sta. 6CQ/&

o +0.0025M.0024 +0.0015+0.0012+0.0002
,0056 .0051 .0035

;
.0030

.0179
.oo1.2

.0170 .0139
3

●0111 .~69
.0261 .0249 .0205 .0164
.0302

.O1.1o
.0280 .0231 .018s

:
.033.5

.0330 .0297 .0245 .OI.67

.0350
.0109

.0301 .0260 .0182 .0025
: .0356 .0303 .0257 .0177
8

.c075
.0345 ,0293 .023s .0159 .W62
.0300 .0246 .0189 .0321 .0040

1: .0081 .m75 .0072 .0060 .0019

ModelPC2 ~o,75R= 200

V/nil= 0.34 0.5 0.7 0.8 0.92

Sta. dc@x

+0.0023W.0024 +0.0015+0.0002-0.0020
.0045 .0046 ●0035 .00I.8- .0013
.o141 .0142 .0124 .0100+ .0065
.0236 .0230 .0195 .0161 .0105
.0305 .0283 ,0236 ●0193 .0124
.0339 .0305 .0262 .0204 .0119
.0351 .0314 .0263 .OMO .0086
.0345 .0308 .0260 .0165 .0062
.0323 ●0288 .0211 .o130
.02m

.0026
●0224 .0142 .0087 .0002

.0080 .0059 .0058 .0042- .0007



—. -.

9!ABmI - Conttd

wad U-24 P13a7~= =0

V/m = 0.525 0.55 0,75 0.95 1.335

Sta. dO@x

O +0.0030+0.0027+0.CX)28+0.0021HLOO(Xj
.Co60 .0055 .0054 .CX341

: .o154
.0007

,01.52 .0124 .0095
3

.0041
.0245 .02m .OI.86 .0138

4 .0333 “.0260 :Ogg .0178 :%
5 .0397 .0305 .0206 .00$5

.0436 ●0334 .0290 .0225 .0095
: .0457 .0351 .0305 .0223
8

.0082
●0464 .CxMO .0305 .0214 .0064
.0524 .0290 .0260 .0157 -.0045

s .0332 .0102 .0124 .0080 .CQz5

V/ill)= 0.W5 0.4 O*5 0.61.5

W& dc@x

o +0.0014+0,0015+O:OO;:to.ool.l.
.0027 .0028 .0021

; .0071 .0065 .0055 .(XMO
.0098 .0086 .0072 .0045

: .0114 .0097 .0076 .clo41
5 .0118 .0095 .0071 .0032

.0109 .0089 .0060 .0020
: .0095 .0075 .0047 .0007
8 .03’78 .0060 .0035- .00Q5

.0056 .0043 .0024- .0010
1: .0020 .CQ15 .0030- .Ooll

1+)-~~= 12° ModelU-60 t30.7m= 24”

V/rII)= 0.31 0.4 0.5 0.575

Sta. aoQ/dx

v/nlY= 0.33 0.5 0.7 0.9 1.0’75

Sts. doq/&

o +0.0015+0.0020+0.0009-0.0010-0.00s9
.W53 .(3339 .W26 - .0005- .CKM4

; .o112 .0116 .o1o5+ .0069t .0014

0 W.CQ1O +0.0006-0.0001-0.0007
.0016+ .0008- .0004.0022

.0059

.0091

.0109

.o11.2

.0103

..go86
●0068
.CQ42
.0015

:0051
.(X378
.0096
.0100
●0083
.0063
.0045
.0026
.0(X)8-

.(X)38+ iO026

.0061 .0048

.0072 .0055

.0068 .0040

.0057 .0033.

.0041 .0012

.0025- .0008

.OCm - .0022

.0005- .0012

,. 3

t
6
‘?
8
9

.021.8 .0195

.0335 .0263
●0443 .033.8
.0457 .0352
,0432 .0357
.0410 .0329
.0375 .0268
.OJ.21 .0116

.0185

.0244

.027’7

.0293

.0136 .0069

.0100 .Olm

.0224 .0123

.0235 .0E20

.0233 .0098

.0211 .0068

.0146 .00343

.0065 .0008

.03a)

.0301

.0251

.0060:il 10

1~I ,!

I
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1 “. \ ,,

P(j.~~ “ U“
b

V/ill)-0.65 0.41 0.4? 0.6S

Sk doQ/dx

o +0*0002-0.0002-0.0W5 -0.0010
.0004 0 - ●0005- .0009

i .(M6O+ .002s+ .oo15‘t.0007
: .0054 .(X)46 .0054 .0022

.0076 .0065 .0060 .0065
.5 .0091 .0078 .0062 .0045

6 .Olm .W .0065 .(M47
.0100‘ .CXm6 XJ66 .0043

: .0092 .0079 .cW9
.0069 .0060 .(X)55 .0029

2“ .0026 .002s ●029 .0017

v/nD= O.sl 0.4 0.5 0.595

Sta. doQ/d%

o +o.cxlls+0,00IP+0.0006+0.0002
L .0024 .Cxls2 Jxxl.5 .0004
2 .0050
5 .0091
4 .oKlo
5 .ou.6

.O111
; .0096
8 .0076

.0052
1: .0014

.Cxw

.0067

.0100

.o1o4

.0096
~&m

.lx141

.0014

.W44 .0029
,0065 .CKM1
.0075 .W45
:Oo7: Jx)’&

.0045 .0014

:%% - ●L5
.mfx - .0019

TA2LBI- Contid
●

ModelO*4B ~o.~~ = 24* “H
E%
g

v/nD= 0.326 0.45 0.65 0.s5 1.02 ●

Sk. dcf@x ~
s

o +o.m~5 +0.00E5-o.oocn-0.00Q5-0.0042
.ooa5 .Cx325+ .Wo5 - .0027- .0060

; .0095 .0cB5
3

.- + .0022- .-
.o179 .0162 .0142 .00s7 dxlls
.0265

: .0s42
.014s .006S

:%% :FM .021M
,0465

.O11o
.CH54 .050s .0250

! .0515
.0161

.0416 .0646 .0290
8 .05s0

●01.90
.0455 .0556 .OMM .o190

.0567 .0565 .0552 .02m
G

.0165
.0220 .OKU) .0242 .0196 .0132

ModelO,SE l%.= = 24”

v/nD= 0.55 0.5 0.7 O.g 1.1

sm. doQ/dx

: +0.0020+0.(XWJ+o.om9 +0.0005-0.0020
.0040 .0040 .0056 .0015- .0029
.OI.I.9
.0199
.0322
.0410
.0426
.0425
.042s
.03s6
.0M5

.0120 .0132

.0200 .0166
;clz# .0246

.02s5
.0644 .0301
.0656 .(x515
.0347 .Onl
.0296 .0246
.0136 .0135

.00v7+

.Olw

.ols7

.0222

.0244

%J’
.0090

●001.6
.0067
.0095
.0107
:OU3
.0099

%%
.0024

I
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ModelU-24

Element: x = 0,752, b\D =

Quantity Operation

v/nD Data
dCT\dX Data
dC~dx Data

0,0678,

Line

o1
82304(vjnD)e (Y*

Clcqlldx
ml(= ) @/(’o)24x o52x(v/nD)~

I+a oChart:(l+a)vs. m 6

2/+%3 0e2026/x3 o7
2

Y2X3(l+a)(V\r@) @/@’@) @
a!

l-at

(Z+a)/(1-a~)

(V/nD)/wx
tan $4

sin $
00s #
sine$

4/(B(b/D)]
(l+a)2

A

B

c

B+C
eL

P

4

Co

(63’
(2

(E)”@
81-9

()/6 10

8
1 /(mx)

Q11*2
Fi?omtables
Fromtableso142
1.333\(b/D)

CY@}hJwJ
8

2D15
“394)/%

8!20 + 21
9.22

Dataoarotan 1.3

@-@

822
3

Q4025

026

P = 35.95”.

Value

1,200
0.275
0.0590

1.440

0,1268

1●075

0.4764

0,3670

0,0217
0,9783

1.099

0●5077
0,5580

0,4873
0.0733

0,2375

19.660

1.156

2.803

0.24422

0.0765

0.316t’
0,8877

35.95
29,16

6,79

‘.

.

.

.

.-
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TABLEXII

SEOTIONLIl?l?COEFFICIENTS

ModelU-24 x s 0m253

v/31D

0,6
.5
●4
,3 s

1,3!
1,0

●9
.0

::

102
1.0

*
::

2e5
2,3
2.1
1.9
1.7
1,5
1.3

3,7
3.6
3.3
3.1
2,9
2,7
2,5
2,3

{Datafnom Ftgures28$29)
~T/& do@2E

~om~6R= B“
+0.019 +0,0022
.028 .0027
●035 .0029
.039 ,0027

S0075R= 24”
●007 .0016
.018 .0034
.028 .0047
.035 ●0054
.038 .0052
.048 .0065

Poa76R= 36”
c012 .0024
●025 ●0075
,038 .0099
●045 .0100
●045 .0094
.053 .0096
●068 ,0103

f3~,75R= 48°
.048 .0253
.052 .0245
●067 .0225
●069 ●0205
,0s4 .0187
.047 .0159
.045 .0152

‘O075R= 6o”

,036 .0700
,0’71 ●0655
.080 .0600
,069 ●0535
●030 .0445

- ,102 ●0315
: ;;:; .0275

.0235

CL

P = 40.70

+0.558
.861
1.L4V
1.409

@ = 52.7’0

b168
.425
,693
.936
1.237
2,076

9 = 64.7°

,122
●433
.720
.944
y g;

2:401
$ = 76.7°

.641

.?28
●804
.073
●962
1.006
1.202

B = 88,7°

,835
.873
,898
●901
.841
●618
●606
●673

b/D= o,~23

a

+ 0.7
3,7
?.1
11-6

- 2.1
,6

+ 1.2
3.4
9.6
25*1

- 1.9
.5

+ 3.6
4*6
8s6
12.8
).7.0

2.1
3*3
4.6
6.3
8,3
10.9
X3.7

8e0
8,5
9m2

IS*1
14.3
15.8

45
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Mode:LU-24.—

.. .
-—

..-
.!:-

. :_x---. -.%--
-:”:=

%

TmIE III- Contfd

SECTIONZIFTCOEFFICIENTS

x = 0.s20

(DatafromFigures28,29)

b/D = 0,0699

V/m do@t dC@ix CL

p = 19.7°

a
.

---~o,75R= 12”
ti.3i5
.501
,687
.871

- 1.9
+ .1
1.9
3.7 .

0.6
.5
●4
●9

“+0,046 +0.0050
,071 .0073
,095 ,0080
.118 ,0099

---

,.. . >-~o,75R= 240 $ = 31.7°

- 3.0
- 1,2
+ .7
2.6
6.8
11.2

1*1
1,0
.9

;:
.4

●044 ● 0083
,073 ●0121
●ml ,0154
●12s ●0178
,157 .0202
,165 .0243

.267
..450
,638
.823
1;115
1.330 .

@o,75R= 36” p = 43.7°

●029 ,0075
c079 .0225
●127 :(#g
.170
,177 ●0347
●197 ,0382
,212 .0431

1,8
;::

1*2
1.0
,8
,6

.132
,417
,708
1,008
1●161
::$;

- 4.3
- 1.7
+ 1,3
4,6
8,6
12.6
16.6

“.

Po,76R= 4~”
.083 .0425
●128 .0540
,165- ●0595
;;l ●06S0

●0640
●230 ●0620
●196 ,0600
.167 .0595

@oo75R= 6o”
,13-- ●125S
,1.8S ●1345
,222 ,1.350
,249 ;&o)
.267
,250 ●2.210
,258 ●1160
,24S ●uls

$ = 55.7°

- 1.9
,1

+ 1.9

2.5
2.3

,391
,585
●760
●944
1,09s
1.289
10338
1.403

P =“67.7°
●683
.703
,795
,892
.,978
1,014
1.24’7
1,353

4:3
7.0

1.5 9.9
13.7
17,8

1.3
Z*1 “-

,. ,,

“;53.7
3*5 104

2,5
3.8
5.1
6.8
8.6

,10,6
.. .+

—;-- -. —-

3;3
3.1

.

2,9
2,?
2.s
2e3
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TABlX3111 - Cont~d

ModelU-24

v/nD

0.6
,5
.4
●3

1.1
1,0
,9
.8

::

1,8
1.6
1.4
1.2
1.0

::

2.6
2.3
2.1
1.9
1,7
1.5
li3

3.7
3.5
3.3
3.1
2.9
2*7
2.5
2.3

SECTIONLSFTCoefficients

x = 0.752

(Data fromFigures 28,29)
dCT/ti dC@s

@o.75R= 120
+0.011 +0.0025
,057 .0060
●100 .C089
●139 .0111

~o.75R= 240
.060 ●0122
Q105 .0195
*149 .0250
.187 .0278
g244 .0320
.272 .0383

@oO~~R= 360
●050 .0160
●138 ●0375
.213 ●0520
.275 .0590
.324 .0695
,311- ●0730
.283 ●0750

@O.75R= ‘o
,146 ,0690
.216 .0875
.257 .0920
,311 .1036
.357 .1185
.362 .Y230
.342 .1170

~oC75R= 60°
.220 .1655
.265 .1720
.308 .1830
.347 ●1915
,380 .3955
,405 .3960
,414 .2030
.336 ●1940

+0.041
●194
,353
.496

.198

.360
●503
.638
.862
1.016

.146

.4Xl

.662
●888
1.123
1;273
1.150

p.@”

.389
*575
.698
.892

1.110
:: ;;;

P = &Jo

,501
,635
●688
,799
,906
1m011

bjD = 0,0678

- 2.5
- 1::
+
1.4

- 1.6
.2

+ 1.5
3*O
6.2
9.4

; 1::

3.8
6*8
9.9

1305
17.3

.7
2.7
5.0
7.5
10,0 . -
12.9
16.2

1.8
3.1
4*5
6,0
7,7
9.5

11.4
13.8
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NAUATX ??0.1040 ..40 ---

!EAB32E111 - Cont~d
%

SIMXIONLIFTCOEFFIC133NTS

ModolU-24 x = 0,928 b/D= 0.0552

(DatafromFigures28,29)

CL

7,7°

-0.116
- ,011
+ .07’9
,150

19,7°

.066
●18L
.306
.413
.599
.717

31,7°

.098

.287
,505
.716
.824
..770

●743
43.7°

a
-. -

dCT\& dC@h

~o,75R= 120
-0.043 -0.0004
- .065 + .0024
+ .027 .0043
.052 .0058

~o.75R= 240
.023 ●0063
.066 .0123
●llo ●0196
●147 .0248
.210 .0284
.246 .0315

~o,75R= 36°
.038 ,0135
.108 ,0355
,187 .0526
,262 .0620
.280 .0760
.242 .0825
.218 .0925

~o,75R= 400
A26 ;::;:
.200
.247 ●0990
.307 .1225
.360 ●12m
,240 ,1125
●171 ,1080

.—.—
- 3.4
- 1.9

0.6
●5
.4
.3

.5
+ .9 -.

-.
- 1.1
4- .4
1.8
3.2
6,1
8,9

“.
1.8
1.6
:::

1.0
.8
.6

.1
4-2.6
5.2

.
14.4
17.7

-.., —
2.8
4.9
7,2

1::!

●309
.481
,506
.780
.927
.744
.615

p = 55.7”

.401

.494

.593

.665

.798
●941
.993
.752

t 1;7
1.6
1.3

15.3
18.6

~~,75R= 60°
.184 ,1500
.240 .1630
.295 ●1735
.340 .1815
.375 .1920
.422 .2075
●415 .2050
.262 .1635

3.7
3.6
3.3
3.1
2.9
2s7
2.5
2,3

3,6
5.0
6.6
8.3
10.0
11.9
13.9
16,5

----
.—
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.“
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TABLE111 - Cont~d

SEOTIONLIFT COEFFICIENTS

Model 0.4E x= 0.253

V/m

O*53
●46
,35 .

1.0
.9
.8
,65
.5
.35

.

1.6
1.4
1.2
1.0

::

2.35
2.1
1.9
1,7
1.5
1.3
1.1

:::5

3.3
::;

2.7
2.5
2,3
2.1

(DatafPOIUFigures32,33)

@T/ti dc@x CL

~o.7J5R= 12° ~ = 23.2°

-0.019 -o*0009 -0.451
- .008 - ●0004 - .210
+ .008 + ,0005 + .254

~o.75R= 240 @ = 35.2°

- .0463 - .0056 - ,843
- .0330 - .0035 - .648
- .0190 , - .0017 - .392
+ ,0043 + ,0006 + .225
.0239 ●0020 .690
.0368 ,0025 1●179

(’30.75= 36° P = 47.2°

- .071 - .0120 - .802
- .049 - .0080
- .024

- .666
- ,0035 - .379
+ ,0010 + .080

+ .:20 ●0035 .578
.038 ,0045 1.136

(30,75R= 48° P = 59.2°

- .070 - ,0210 - .629
- ●047 - Q0130 - .481
- .033 - .288
- .017 : :%%: - .066
i .004 + .0040 + .225
.024 ,0065 .522
,039 .0080 .867

~o.75R= 600 P = 71.2°

- .064 - ,0200 - .260
- ●050 - .0150 - .212
- .036 - .0080 - .lm
- .025 - ●0020 - .045
- .016 + .0040 + .063
.005 .0090 ●3,83

z .020 .0136 ●337
.040 .0160 ●4s0
.050 ,0175 ,624

b/D = 0.0623

a

-10.2
- 7,2
- 2.5

-12.5
-10.3 ‘
- 8,0
- 4.5

.9
+ 3.8

-13*S
-10.5
- 7.7
- 4.0
- 0.6
+ 406

- 9,8
- 8.3
- 7.0
- 5.5
- 3.7
- 163
+ 1.6

- 5s6
- 5.3
- 4,8
- 4.3
- 3.7
- 3.0
- 2.3
- 1.4

.3



.:
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Moclel0.4E

v/nD

0.153
●45
,35

1::

●8
●65
.&
“s●*I

1.6
1,4:
1.2
1.0
,6
.6

2.35
2.1
1.9
1.7
1.5
1.3
1.1

3.66
3.6
3,3
3.1
2.9
2.7
2.5
2.3
2.1

I?ACATN No.1040-

TABIEIII- Cont~d

SECTIONLIWl!CO13FFIU-S

x= 0.520 b/D= 0.0699
(Datafrom Figures32,33)

dC#k dCQ\ti

~o,75R= ‘o

+0.019 +0.0022
.044 .0039
●074 .0054

~o,~fjR= 240
,015 ●0026
.045 ●0070
.077 ●0104
.115 .!)140
.143 .0160
●166 .0174

$..7== 36°
,0028

.%8 .0145
●107 .0230
.153 ;0285
●190 ,0310
.223 ●0330

@oO75R= 480
,027 .0130
●093 .0295
.227 .0385
.255 ,0460
,184 .0510
.215 .0550
,251 .0580

~oO~~R= 60°
.028 ●0430
,075 .0540
,110 .0655
.138 .0745
.162 .0830
.184 .0905
.206 .0950
.234 .0950
.260.- .0990

~ = 15.2° .,
+0.134

m309
.527

P = 27.2°

,094
,279
;:Cg

1.029
1.264

$ = 39,2°
.028
.332
.646
.983
1.306
1.656

P = 51.2°
.132
.392
,592
.808
1*047
1.332
1,676

P = 63.2°

●195
.282
.387
.494
.617
.755
.899

1,041
1.247

. .-
--+-——

..— -
a

. — .—

.—

—--
u

-
. . .< .—

- 3.6
- 2.2

●5 .—

-’5.3
- 2.4
+ .9
4.5

1:::

- 4.3
- 1:$
+
3.0
5.9
9,0

-.

.
-.—

12.3 .=

- 3.1
- 2.4
- 2.3

:1
+ 1.3
2.7’

.

404
6.2
8.2 1-.-

.-
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NACATNNo.1040

TABLEXII- Contld

SECTIONLIFTCOEFFICIENTS

Model0.4E x = O@7B2

v/nD

0.53
,45
,35

1.0
Q9

::5
.5
,35

1,6
1.4
1.2 .
1,0

::

2.35
2.1
1.9
1.7
1,5
1.3
1.1

3*65
3,5
3.3
3*1

::;
2.5

:::

(Datafnm Figures32,33

dcT/& dof@t
P~,75~= ~~”

+0,039 +0,0048
.075 .0073
●3,23 ●0100

@o,75R= 240

●100 w:
●143
.278 ;:;::
,221
.263 .0339
.315 ●0408

~o.75R= 360

●134 ,0350
●202 ●0495
.257 .0580
,330 .0670
●390 .0845
.381 .0870

~o,75R= *“

●192 ●07s
●259 ,092
●309 ●102
,365 .114
b409 .128
.399 ,3.22
●348 &114

~0075R= 6o”

.167 .1480

.224 ●1575

.295 ●1680
,339 ,1765
.361 .1860
.372 .1925
.384 ,2010
.43.4 .2055
.362 .1905

,331
;:::

.776
●948
1.176

~ = 36°

.394

.629

.820
1;127
1.448
1.517

●490
.702
.881
1,088
1.346
1.405
1.344

$ = 60°

.440

.523

.6S9

.750

.862

.969
1.095
1,243
1.223

b/D= 0.0678

a

- 1::

+ 08

.0
1.6
3.2
S.6
7.8
9.7

1.0
3.9
6.9
9.9
12.8
16.3

2,3
5.1
7,5

10.1
12,7
15.9
19.6

2.2
3,2
4.6
6.1
7,8
9*6
11.5
13.6
16.2

51
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m NACATN NO. 1040 ;“
.-. --

TABLE111- Cont?d

SEJTIONLIFTCOEFF?CIEM?S

b/D= 0.0552

-.

Model0.4E.— x= 0,928

(DatafromFlgwes32,33)

twQ/dxV/lIll a —

. ——_.$o,76R= 120 p = 9.50

0,53
●45
.35’”’“ ““

+0.012 +0,0029

:03 “ ::%:

+0.036
●3.12
,216

- 0.9
+ ,2
1,5

-
p = 21,s0

1*O:.,
:; :-”

. .

●276
.392
,409
●595
.701
,713

.102 .0182

.141 .0253
●173 ●0300
.207 .0332
,240 ,0355
.230 .0509

1.9
3*4
4,8
;.;

11:4

.65

.s
b36

@o@75R= 36” $ = 33.6°
-.

-.
4,0.’
6.8
9.6
12,8
36*6
20.6

106 ::
1.4
1.2
2.0 “,,..
.8
●6

.172 .0495

.221 .0595

.281 ,0680

.265 .0840
:::; *0775

.0840

●442
.590
,769
.806
,667..
.376

“

P0,75R= *“ ..= —.—
.,..... ..

2.35
2.1
1.9
1.7
1.s
1.3

.233 ,0945

.296 .1110
●334 ,1240
.301 ●1365
●214 ●1140
.251 .1110

●633
.712
*854
.878
.696
,579
.502

6,0
808
11.2
13.9
17.1
20.4
23q8,097 ,1290 .... .-

.- -.

~o@76R= 6o” P = 57.5°

5,7
6,8
8.3

3.6S
3.5
3,3
;:;

2.7
2.5 ‘
2*3
201 $

,196
.2S8
●341
.366
.386
.402
.284‘
.212
.084

,1855
,1850
●1880
.1980
●2190
.2280
.196S
.1720
,1730

,484
.551
,659
.751
.869
.969
.816
.706
.554

.-—
10.O
11,7
23.6
M*9
18.4
21,0

—



HAOATNNO.1040 5Z
TAB~III - Oont~d

--

SECTIONL13TCOEFFICIENTS

x= 0.253 b/D= 0.0623

(Datafrom Figures26,27)

ModelPC2

v/31D dCT/ti CL

~ = 44.8”

a

@o,75R= 200

- 301
.4

+ 3.8

J::

0.90
●76

-0,009 -0.0008
+ .020 + .0013
.039 .0030
.049 .0039
.052 .0040

-0.120
+ .282
.735;60

●45
,35

1:101
1.313

f3&75~= 30°

- .024 ,0035
+ .008 ; .0025
.035 .0060
,051 .0075
,057 .0080
.064 .0080

‘0.75R= ao
- ●0320 - .0035
+ .0090 + .0035
.0275 .0086
●0440 ,0120
.0565 .0130
.0625 .0120
.0676 .0115

~om75R= 500

.032 ●0175
●040 ,0230
.048 .0260
.055 .0260
::;: .0260

.0260
.070 .0240
.071 ●0222

@o,75R=6o”
.093 ::;:
,096
●100 ●070
.100 ●066
●102 .061
●102 .055

.
1.4 - .225

+ .163
.580
●991
1.427
1.994

- 4.5
- 2.6
+
3::
8.9
14.6

1,2
1.0

~ = 64.8°

2*O
1.8
1.6
1.4 -
1,2

- 3.1
- 2.0

.7
+ 1.2
3.6
7.3
11*5

- .104
+ .120
,365
.650
●915
1.126
1,458

1::
.-

2,7
2.s
2.3
2,1

.288

.436
●575
.682
,819
.995
1●143
1.326

+ ::
1.3
2.3
3.61,9

1.?
1.5
1.3

5.1
7.1
9.7

P= 84.8°

3.6
::$
3.0
2.8
2,6
:;:

.739

.784
;::;
,931
.973
1,009
1.088

3,8
4.3
4.9
5*5
6.4
7.3
8,4
9.6

.

,098
.095

;049
.045



1

54

ModelPC2
.—

V@

O:;:

b60
.45
.36

1.4
1.2
1.0

2.0
1.8
1.6
1.4
1*2
1.0
.0

2.7
2.5
2.s
;:;

1.7
1,5
1.3

3.6
3.4
3.2
3.0
2.8
2.6
2.4
2.2

. -.,—
——

NAi)ATN No. 104CJ
-—

TA8L3111- Control
3
—

SEOTION.LIFT COEFFICIENTS
..

X = 0.520 b/D = 0,0699

(DatafromFigures26,27)

dO@x dC@x

$0075R= 200
+0.072 +0.012
,126 .018
.169 .022
.196 .023
.201 .023

$0,75~= 30°
●068 .OM
.130 .027
.180 .035
.205 ●037
.251 ,036
.247 .049

@o.75R= ‘0
.08S ,026
,138 ●040
,185 .051
.223 ●057
.255 ,058
,280 .061
.326 ●075

‘0.75R= ‘o
.150 .069
.192 .082
;222 .090
.245 .094
.267 ●094
,294 .094
,322 ,098
.364 .106

~o,75R= 600
.255 .176
.280 .182
●302 ●180
.318 .176
.331 .172
,336 ,167
,330 ●157
.327’ .168

CL

~ = 29.4°

+0.3s3
.639
●904
1.092
1.167

p = s9.4°

.275

.580

.878
1.097
1.385
1.716

p = 49.4°

.280
●500
●739
,966
$;m:

1.976
p = 59.4°

●439
.593
.741
.886
1.029
1.207
w:

~ = 69.4°

,664
.?60
.839
.921
1●011
1.105
1.1?3
1.329

a

- 1.2
+ 1.4
401
7.0
9.2

- 2.2
+ ,8
4.2
8.1
11.9
15.7

- 2.3
+ .0
2.5
5.4
8.’?
12.1
14.9

.7
+ .9
2.6
4,6
6.9
9.4
12.0
14.6

2.0
3.0
4.2
5.5
6.9
8.4
10.3
12.1

—

..

-.

.

.

●

‘
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NACIATNNO.1040
TABLEIII - Cont”d

SI3OTIO?!ILZFT COEFFICIENTS

‘ode~‘C2

v/nD

0.90
.75

:4%
●35

1,4
1*2
1.0

2.0
1.8
1.6
1.4
1,2
1*O

.8

2.7
2,5
2,3
2.1
1.9
1.7
::;

3.6
3.4
3.2
3.0
2.8
2.6
2.4
2*2

x = 0.752

(Datafrom Figures26,27)

dCT/dx dC@bc

Poa?75~= 20°

+0. 062 +0.0110
.160 .0230
.232 .0300
.278 .0325
.296 .0350

~o,75R= 3°0
.091 .021
.203 .044
.280 ●055
.348 .063
.3’76 ●075
.352 ●083

Po*75~= 40°
,112 .037
.218 ,068
.291 .085
,359 .096
.429
●417
.36’7

~oo75R= 5o”
.217
,288
●333
.376
.422
.464
.384
.340

~om75R= 60”
.320
●364
●405
.442
.4?4
.485
.415
,330

*109
,117
.106

.093

.123
,135
.248
.161
.175
.165
●150

.248

.255

.261

.256

.230

p = 20°

+0.158
,412
.613
●751
●818

$ = 30°

.209

.493

.711

.925
1,083
1.108

p = 40°

,230
,474
.668
.866
1.098
1,185
1.114

P = 500

.377

.544

.665

.806

.979
1,154
1.099
1.054

P = &-Jo

●533
.629
●714
.806
.912
1.016
1.035
.967

55

b/D= 0,0678

a

- 1.6
+

2::
4.5
6.0

- 1.4
+ 1*4

t:
10,5
14.0

.9
+ 1.4

::;-
9.5
12.8
16.7

2::
4.2

::;
11.2
14*5
17.9

2.2
3.5
5.0
6.6
8,2
3.0.0
1.2.2
14.8



56
TABLE111- Cont~d

S133TIONLIFTCOEFFICIENTS

MotihlPC2 > = 0.928
.—

(Datafrompigure~26&7)
V/m

0,20
●?6
● 60
.45
,35

;::

1::

::

2.0
1.89
1.6
1*4
3.2
3::

2.7
2.5
2,3
2.1
1,9
1.7
1.5
1*3

3.6
3.4
3.2
3.0
2.8
2,6
2.4.
2.2

do~/& dcQ@

POC75R= 20°
-0,006 +0;00::
+ ,080

●3.50 ,0190
.225 ,0245
.227 .0270

@0076R= 3o”
.039 ::;;:
●149
.~44 *0475
s: ●0530

,0610
,228 ●0990

90,75R= ‘0
.089 b026
.186 ,058
.275 ●080
.380 ●094
●373 0310
●313 ●112
.274 .125

$o.75R= 6°0
.165 .080
.259 .115
.328 ●135
●377 ;;::
.406
.386 .164
.282 .3.50
.220 ●157

@o.75R= 60°
●270 ●195
,316 .216
.362 .229
●4X .240
,442 .251
●450 .264
●385 ,244
.285 .218

c!~

$ = 15.0°

-0.007
+ ●168
.329
●484
●498

~ = 25,W

.081

%J

,691
.690

p = 35.0°

.152

.346
;532
.702
.807
.?41
,7X2

p = 45.00

,274
●440
.577
.699
.808
.827
.692
.634

P = 55.0°

.416
,500
●577
.662
●755
,828
.784
.680

NAOATN ~Os 1040 .-

.

..

bh = 000552

a

- 2,1
●1

+ 1.9
3a6
5.1

.8
+ 1.8
4.5
7,4
10.5
13.5

.3
2.6
541
7*7
10.6
13,9
1?.2

1.8
3.7
5.8
8.0
10.4
13,1
16.3
19.4

3.8
5.4
7.2
9;0
10.7
12.9
15.1
17.6

-.

.

.



& , ● ‘.

0,2
JD :

0.s
.0614 .0631

ModelU-24
-

0.4 0.46 0.55 0.66
.0638

0.75
.0656 .0709 .- .0679

~o.75R= 21.8°

L2i@x +6.Olm 0.0280 0,0475 0.0580 0.0800 0.0945 0.0967
do(ydx + .00164 .00440 .0071.8 .008’7s .o1200 .01496
cL + .347 .506 .s21

.o1620
$06 .?

+2.5
.396 .327

a -m 3 -. 1 -0 -9 -. 1 -m 2

MfxlelU-60 PO*7= = 22.90

dJ2q@K - .017 - .003 + ●CM .053 .102 ●l19
ticQ/ax- .0018 + .W05 .0052 .0078 :%% J)&
cL - .448 + .002

.0192
.ml .468 .485

-6.E!
●4(E

a -4.3 -1.4 -1.0 + .3 1.0 ,9

Modal0.4B po ~ = 23.4”

q/* - .0305 - .0310 - .0060 + .Olss .0505 .089s ●1260
doQ/tk - .0031 - .0036 - .0006 + .0017 .0075 .0144
cL - .796 - .490 - .058 + .106 .286 .76 :%?
a -U*5 -8.9 -5*3 -4.7 -2.4 +~.1

ModelO.SE poo~~ = 22.20

d~/dx - .0086 + .0070 .0323 .0463
dOq/dX -

.0754 .0980 .1082
.00068+ .00151 .00526 .00’741 .Ou.so .OI.575 .01770

CL - .M3 + .lal .365 .412 .430 .41.2 .365
a -. 4 -3.1 -1,2 -1.s - .7 + .3 .1

.-

P

0.86 0.96 s
.06a2 .0512

0.0816 0.0465
.0M67 .00825
.;39 .I.33

4 .1

.098 .061

.0173 .0077
jw ..169

-. 4

.1440 .1140

.0260 .0200

.42S .326
2.1 3.1

.0227 .0940

.0).621 .00674

.243 .124 0

.9 0 *



.-

TABLEIV- Contld

SWTIOIJLHT 0E4RAOTERISTICS

HighSpeedCondition(Idne 1) BataiiwmFigure41

0.2 0.3
$: .0614 .0631

ModelU-24

(W@ +0.024 0.051
do#3X + .C095 .0164
oL + .588 .619
a +5,3 .4

MtielU-60

di@x - .0195 + .0070
dcQ/dx - .0020 i’.CWlo
CL - .M4 + 93.08
a -4.1 -3*4

Model0.4E

Cp = 0.2

0.4 0.45
.06LW .0656

0.076 0.089
.0237 ●0283
.611 .595
0 -. 4

.0535 .0780

.0160 .0241

.418 .615
-. 7 -. 1

v/nD = 1.80

0.55 0.65 0.75
.0709 .0711 .0579

~o.75R= 41..3O

cl.123 0.M3 0.192
.0386 .0496 .0608
.562 .565 .561

+ .2 1.8 2.6

.1290

.0407

.593
+1,6

fi@h - .0425 - .0360
dC@lx - .CQm - .0087
cL - .506 - .350
a -8.8 -8.2

+’ .0105 .0385
+ .0025 .O11.1
+ :071 *243
-4*7 -3.9

● 1045
.0304
,460

-. 7

.1880 .2235

.0574 .0704

.653 ● 652
3.4. 4.1

130075R= 43.8°

.1800 .2450

.0520 .0752

.609 .’707
+2.7 5.0

Model0.8E PO*75R= 42.3°

~@% + .0040 .0255 .0575 .0780 .3265 .1790 .2145
dO~dx ; .~wm .0094 .o187 .0249 .0401 .0541 .0668
cL .34’? ,477 ●526 .584 .619 .623
a +2:3 -2.2 - .6 - .4 + .9 2.8 3.7

1!,, ‘ ‘
,

Ill ‘

0.s5 0.95
.0622 .0512

0.I.S8 0.160
.0675 .051s
.5CM .415
3.’7 4.8

.1755
%% .0591
●685 .461
4.7 4.9

.2725 .2755

.0939 .iW73

.726 .711
7.1 9.0

●21.30 .18’70
●0738 .0603
.566 .485
5.4 s.4



TABLEIV- Contld

SIWTXONKm c=mxwns

HighSpeedCondition(lineI) Data

v/nD = 2.85
Ed& -–

= 0.2 0.3 0.4 0.45 0.55 0.65 0,75
JD = .0614 .0631 .0638 .0656 .0708 .0711 .0679

ModelU-24 P().75R= 55.5”

dc@ +0.041 0.094 0.136 0.1s8 0.205 0.247 0.277
doQ/dx : .03: .051 .070 .081 ●ml .1.21 .140
CL ●829 .811 .788 .714 .883 .669
a +12:o 4,9 3*O 1,9 1*9 3.2 4.0

ModelU-60 ~0.75R= 5’7.0°

dc@ + .019 .070 .)25 ●155 ●2sl .260 .296
dcQ/dx + .011 ,034 .059 .072 .101 .127 .148
cL + .173 .555 .690 .714 ,718 .716 .709
a +1.9 .1 1.9 2.0 3.2 4.8 5.4

Model0.43 PO.75R= 58.50

dG# - .034 0 + ,063 .086 .170 ●267 .340
dcQ/&i - .0060 + .0030 .0270 .0435 ●0820 .lwo .1670
cL - .170 + .045 .321 .434 .582 .’702 ,806
a -2.4 -4.1 -1.8 -1*3 +1.4 4,5 6.8

ModelOJ3E P&~B = 66.5”

dc@ + .033 .079 .1.25 .149 .200 .251 .294
%/* + :5@+ 0209 .0428 .0617 .0734 .0994 .3261 ,1475
CL .696 .718 .721 .700 .706

+&l
.706

a 1.7’ 2.1 1.8 2.5 4.1 5.0

0.283 0.2s9
.150 ●1.32
.637 .5’79
5.3 6.6

.284 .26.2
●155 ,128
.650 .575
6.1 6.6

.369 .362
,1990 .I.845
.838 .813
9.1 IL*2

.274 .265

.1678 .1537

.647 .591
6.9 7.1 m

a



C15mbCondition(LineII)

=

b~D=

tlc#x
dc@x
CL
a

0.2 0.3
.0614 .0631

ModelU-24

U).0176 0.0446
+ .001’75 .0W88
+ .’789 1.000
+8.3 5.1

ModelU-60

dCT/dx + .006 .029
dc@x + .0005 .0333
CL + .246 .658
a -. 9 t .7

Hodel0.43

TABL%J77- COntJd

SECTIONLIFTCHARACTERISTICS

>+ hnm U*-....-. - --- ..&ug a

v/nD= 0.54~o.crj .- .

0.4 0.45 0.55 0.65 0.7s
.0636 .0656 .0709 .0711 .0679

f5&7~ = 16.3°

0.0693 0.0625 0.1095 0.1?J20 O.X525
.00785 .00937 .01220 .01407 .01420
.899 .8243 .682 .586 .464
4.4 3.3 2.2 1.9 1.2

PO.75R= 17.4°

.061 .0s1 .120 ●142 ,144

.0068 .0088 .0M4 .0162 .0166

.78’7 .804 .748 .636 .508
3.1 2.9 2.s 3,0 2.1

130*75R= 38.0°

dcf#h - .0060 + .0090 .0370 .0545 .0925
LlcQ/ti

●1330 .1520
- .0004 + .0008 .0040 .0059 .0100 .0141 .oln

CL - .229 + .J.84 .472 ●541 ●573 .590
-5.3

.357
a -3.7 - .9 - .8 + ●5 2.0 3.3

:.,

,jl

Model0.82

dCr@ + .0125 .0385
(lcQ/dx~ .0035 .00380
cL .829
a +4:1 1.8

h

%.75R = 16”80

.0685 .0850 .1180 .X585 .lm
,00660 .W835 .OI.240.OI.570 .01635
,850 .824 ,729 .620

3.0
.495

2.5 2.1 2.3 1.6

0.85
.0622

0.1082
.01247
.324
●9

.120

.0151

.362
1*3

0.95
.0512

0●0320
.00’725
.097
.9 ,

●051
.0064
●149
●5

,1590 .09m ‘
.OI.86 .0136
.477 .273
3.1 4.0

.1175 .0570

.01440 .CQ730

.354 .167
1.9 .0



t

CltibCondition(JXne11)

0.2 0.8
bx~z .0614 ●0631

ModelU-24

dC@x +0.024 0.066
dc@k + .0054 .0127
CL + .829 1.107
a +8.8 5.7

ModelU-60

TABLElV - cOIil d

SECTIONJJFl!CRARACTEKL8TICS

Data

s
v/nD= 1.08
—-

0.4 0.45 0,55 0.65 0.75
.0638 .0656 .0709 .071.1 .0679

~0.75R= 35.0”

O.m 0.143 0.195 0.252 0.293
.0211 .0260 .0370 .0491 .0508
1.201 1.180 1.074 1.036 .987
6.2 5.8 6.3 ‘7.4 ‘7.7

~o.75R= 36,2°

dC#x + .009 .048
dcQ/th + .0018 .0089
cL + ●281 .782
a -1.3 + .9

Model0.48

. 1(XI

.o1133
1.032
5.0

●3-30
.0240

1.081
5.7

.192

.0373
1.068
7.3

dCr@ - .016 + .o10
dC@x - .0016 + .0018
CL - .311 + .161
a -6.2 -4.1

Model0,8B

.062

.0110

.630
+ .2

.094

.0173

.781
1.2

.1$4

.0318

.911
4.2

d~/dx + .016 .056
dC@X + .0038 .0113
CL + .577 .971
a +4.7 2.3

●103
.0200
1.097
5.1

.130

.0251
1.104
5.9

.190

.0373
1.062
6,7

.259 .297

.0511 .0655
1.058 1.o13
8.7 8.9

$0.76R= 36.20

,236 .296
.0471 .0640
.977 1.004
7.2 8.9

@0075R= 35.7Q

.249 .288

.0499 .0629
1.033 .980
8.1 8.4

fromFigure42

0.85 0.95
.0622 .051.2

0.300 0.256
.0707 .0585
.890’ .735
8.3 9.0

.298 ,22’?

.0720 .0581

.889 .666
8.9 8.9

.325 .246

.0814 .0762

.978 .753
10.4 1.2.l

.296 .228

.0728 .0597

.887 .672
9.6 9.3



-- ..

TABLEIV - Control

SIK?TIONW C13.ARdOTE21ST1CS

I DatafromFigure42Cm condltlon(WKJ II)

cm = 0.5 V/m = 1.71

0.55 0.66 0.75
,0709 .07u .0679

0.2 0.3
b% ~ .0614 .0631

0.4 0.45
.0638 .0656

0.85 0.95
.0622 ●051.2

ModelU-24

doT/& -0.005 +o:Jl!&
E@x : .Cl&2
CL 1.042
a +19:5 15.0

P().75R= 55.80

0.203 0.001
.1601 .1420
.831 ●462

19,2 20.7

0.093 0.135
.0613

l:= 1.264
L4.6 14.1

0.254
.0964

1.W2
14.4

0.331 0,316
.1326 .1500
1.400 1.173
16.1 17.5

ModelU-60 ~o.75R= 56.0°

.320 .266
●1.347 .M83
1.393 1.078
16.5 17.9

dG#x + .030 ●083
dc@ + .0108 .CKW5
:L -I-.’738 1.245

+6,6 7.4

. In .2X5

.0547 ..0706
1.505 1.582
11.1 lL9

.314

.1081
1.617
13.9

.201 .096
.1546 .1264
.810 .490

18.8 19.4

t30.7~= 56.6°Model0.4E

.1.59 .021dCT/(Lz+ .OI.2 .061
dC@x + .0080 .0200

,:CL : .:31 .816
a . 2.0

.X29 .175

.0420 .0580
1.3.50 1.296
6*6 7.8

.298

.0990
1.499
11.2

.436 .335

.1510 .1680
1.701 1.285
14.7 18.1

.1785 .1530 ,

.811 .411, : g:-:,
*,21.1 23.5

ModelO.SE

dG@x + .026 .089
d;Qldx + .0120 .0310
. + .812 1.256

~o.75R= 55*4”

.301 .255

.3.335 ●1475
1*353 1.055
15.8 17.3

.160 .198

.0555 .0710
1.600 1.555
11.3 U*7

.272

.1050
1.509
13.3

.200 .07’5

.1.570 .1375

.816 .477
:, a- +1.3*5 9.3 19.4 19.8

.’ ii’. i~:i. .

I
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= NACATN Nta1040 Fig.3
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. I

IEAD NO. o I 2 3 4 5 6 7 8 9 m II

P~l +.0.05 +0,// +0.2$?+0,40 +L2+ +0.49 +0.47 +Q.44 UZ36 W. 33 +o.~3-0-Q9
PTo -a120 -0.1!5-0,105-U.08$-0.115-01075 -0, l~o - a 095 -0,095 -0. as -0.fzo -0. Ow

+0,!70 +0.22s +0439 5 +0. 485 +0, 555 +0. 565 +0. 585 +0.535 f-o. 455 +0,415 +0.150 0
Pll -0.30 -0,.29-0.13 .0.04 -0,0,2 0 0 -0.05 -0./3-0.25 -0.51 -0.64
PQ -D.90 -0.93. -0.87 .0,75 -0.75 -0.7 I -0.70 -0.71 -0.75-0.68 -o-$6-0,66
Pv +0, 60 +0.64 +0.74 +o.7f +0,73+0,71 +0,70 +0,66 +0.62 +0.43 +0.35 +0: o~
l/K 0.478 0.452 0.463 0.467 0.465 0.455 0.472 0.459 0.472 0.472 0.476 0.465

~Kf 0,Ogz 0.0840,/17o.i10 0./15 o.fQ40,1090.092a086 0.o+~ 0028 0
E aof7 0.0/8 0,0240.023 0.6’240.022 0.023 0.0/9 0 old 0.m9 0-Q06 ~

*-E 0,/53 0.207 0.371 0.46,20.53/ 0.543 0.562 0.516 0.437 O*406 0.144 0
x 0.201 0.253 0.409 0.520 0.606 0.683 0.752 0.814 0,873 0.928 0.979 I .028

Clx 0. l!53 o !93 0.3120.396 0.462 o.5zf 0,573 0,62i 0.665 0.707 0.746 0.783
‘dC#x 0.023 0.040 0.1/6 O.#?3 o.2!450,2$3 0.322 0.320 0.291 0..2270.!07 o

00404 0.0640 0.167 0.270 0.367 0.467 0.566 0.663 0.762 0.861 0.958 I.057
;: 0.0193 0.0290 0.0775 0.126 0.171 0,2 I2 0.267 0.304 0.359 0.406 0,456 0.492

0,0L2 0.0/9 0,057O*CM9 0.125 a15/ 0./2?7a ml 0.223 Q.I75 0,/600.o~o
d~:x 0.005 0.007 0.0220,034 ~.@8 @.058 0.071 0.077 O,ugs ~’@7 0’061 0’~~

RECORDNO. H-2 -8 APT = Pm-PTo Pym~- Pf)
MODEL 0.8E %0=J2zsz!?

E = (1/4 fi(f+@
j30.75R 36

ACT= 0.0009
me. r8 /.094 l/4& 0.2(99 CT,0./5~ f

S,R 4.82 PSF
Cl =5 (#= O.~(0. 985:= O. 7t5Z

Cr 0.927 CQ8 0.0364

v 67.7 FPS Cp. ~. z31ZC2+ (;L o.s9Ew.985f 8 *

n z~. 54 RPS d@/dx=(+ Efix dQ/dx=(~x?K)~ TESTED 9-/- 4.3
DIAMETkR 2.80 IV.

CT=c~()-w~ Cp=217cQ RECORDED~0-30-43
V/nD o.9/?5 COMPUTED11-ZO-43

flG.7 SAMPIX COMPUTATIONFORM
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